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Abstract 
This project mainly concerned the development of novel engineering approaches 
to optimise the physical properties of the polymer composites with a low loading 
of carbon nanotubes (CNTs). It was additionally discovered that graphite oxide 
nanoplatelets (GONPs) can be a strong and affordable substitute for the CNTs in 
the polymer composites. 
Colloidal physics and coating methods were applied to fabricate semi-conductive 
CNT/polymer composites with low percolation threshold. Polyurethane (PU) latex 
and ultra high molecular weight polyethylene (UHWMPE) powder were used as 
hosting matrix in the colloidal physics method and coating method, respectively. 
In the colloidal physics method, the percolation threshold was found to be around 
O.5wt% MWCNTs and the electrical conductivity of the composites was improved 
by more than four orders of magnitude with the addition of I wt % multi-walled 
carbon nanotubes (MWCNTs). The study of rheological behaviour revealed that 
the addition of the MWCNTs led to the increase in the viscosity of the PU 
dispersion. In the coating method, the scanning electron microscopy (SEM) 
images confirmed the strong adhesion of the nanotubes on the surface of the 
powders. Sheet samples were prepared using compression moulding for electrical 
test. The percolation threshold for the powders with the size of 60)lm was around 
I wt% MWCNTs and the percolation threshold for the powders with the size of 
100)lm was around 0.5wt% MWCNTs. 
A novel route was revealed to reduce the interfacial phonon scattering that is 
considered as the bottleneck for CNTs to highly improve the thermal conductivity 
of CNT/polymer composites. Semicrystalline PU dispersions were used as latex 
host to accommodate the MWCNTs following the colloidal physics method. The 
thermal conductivity increased from 0.15 Wm-'K-' to 0.47 Wm-'K", by -210%, as 
the addition of the MWCNTs increased to 3wt%. The morphology of the 
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composites suggested that the continuous nanotube-rich phase existing in the 
interstitial space among the latex particles and the crystaIIites nucleated at the 
nanotube-polymer interface were the main factors for the effective reduction of 
interfacial phonon scattering. 
The optimisation of the crystalline layer around CNTs was studied based on the 
MWCNT/polycapro!actone (PCL) composites using differential scanning 
calorimetry (DSC). The study of the non-isothermal crystaIlisation showed that 
crystaIIisation temperature (Tc) increased with increasing incorporation of the 
nanotubes, and melting temperature (T m) and heat of fusion (ilHm) was almost 
unchanged. The incorporation of 2wt% nanotubes resulted in the biggest increase 
of the T c to be -11 QC. The study of the isothermal crystaIIisation showed the 
temperature, 14 DC higher than the Tc. was appropriate one to optimise the 
crystaIIine layer in the composite melts. It was revealed that the incorporation of 
0.1 wt% nanotubes significantly affected the rate of crystal growth and crystalline 
morphology. For more incorporation of the nanotubes, the rate of crystal growth 
and crystaIIine morphology was less affected. The improvement in the Young's 
modulus of the composite with the thermal treatment confirmed the contribution of 
the crystalline layer to the load transfer across the non-covalent interface between 
the nanotube and polymer matrix. 
The preparation of the exfoliated GONPs in DMF was revealed. With this method 
in hand, two kinds of polymers including semi-crystaIline PCL and amorphous PU 
were selected to be incorporated with the GONPs using the solution method. It 
was found that the GONPs showed strong nucleating ability in the PCL matrix. 
The thermal treatment under the "14QC" rule could create an optimised crystalline 
layer on the surface of the GONPs from the composite melts. The bigger increase 
in the Young's modulus of the treated GONPIPCL composites confirmed that the 
crystaIIine layer nucleated on the surface of the GONPs could act as a 
non-covalent interface between the GONPs and PCL matrix. The significant 
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reinforcement of the PU using GONPs was also disclosed. Morphologic studies 
showed thai, due to the formation of chemical bonding, strong interaction occurred 
between the GONPs and the hard segment ofthe PU, which allowed effective load 
transfer. The GONPs can prevent the formation of crystalline hard segments due to 
their two-dimensional structure. With the incorporation of 4.4wt% graphite oxide 
nanoplatelets, the Young's modulus and hardness of the PU were significantly 
increased by -900% and -327%, respectively. The resultant high anti-scratch 
property pointed to the promising application of these composite materials in 
surface coating. 
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1.1 Background of the project 
Nanofillers have been widely applied to develop functional polymer composites for 
two decades [1]. Since the discovery of carbon nanotube (CNTs), they have generated 
a great deal of interests in the development of the functional composites due to their 
super mechanical [2], electrical [3] and thermal properties [4][5]. All these advantages 
make people have high expectation on the potential application of CNTs in polymer 
composites although the price of CNTs is extremely high in comparison with polymer 
matrix. The main aim of this project is to understand the relationship between the 
two-phase microstructure and physical properties of the composites, and develop 
practical engineering approaches to develop high performance CNT/polymer 
composites. The word of "performance" in this project refers to the mechanical 
properties, electrical and thermal conductivity. 
Reducing the incorporation of CNTs in polymer matrix is the main target in 
development of conductive polymer composites in order to reduce the cost of the 
composites. A colloidal physics method [6][7] was developed to fabricate the 
conductive composites with lower percolation threshold in comparison with other 
conventional processing approaches. The core idea of the colloidal physical methods is 
to form the cellular structure of CNTs in the polymer matrix as CNTs are exclusively 
located in the limited boundary area between polymer particles during the film 
formation. The limited choice of the polymer latex restricts the application of this 
method. The first sub-task is to develop a coating technology for the extension of the 
"cellular structure" idea form polymer latex to polymer powders. 
The strong phonon scattering at the CNT-polymer interface is the bottleneck for 
significantly improving the thermal conductivity of polymers as theoretically expected 
[8][9]. Reducing the area of the CNT-polymer interface is considered as the possible 
key to solve this problem. Based on this thought, several approaches have been 
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designed. The colloidal physics method has shown the advantage in reducing the area 
of the CNT-polymer interface as the latex particles are exclusive to CNTs. The second 
sub-task is to explore if the colloidal physics method is an effective tool to reduce the 
interfacial phonon scattering and improve the thermal conductivity of CNT/polymer 
composites 
CNTs are known to have an extremely high Young's modulus of up to lTPa and 
tensile strength approaching 60GPa [2][10], which have been considered to be ideal 
candidates for mechanical reinforcement of polymers. Two issues need to be 
considered in the development of highly strong CNT /polymer composites [11]: (I) 
uniform dispersion of CNTs in the polymer matrix; (2) a strong interface between 
CNTs and polymers. It seems the uniform dispersion of CNTs is not a big challenge 
any more in labs as chemically functionalised CNTs are widely used. How to achieve 
the effective load transfer between CNTs and polymers currently presents to be the 
biggest challenge in this field. The functional groups or macromolecules attached onto 
CNTs are capable of enhancing the compatibility between inorganic components 
(CNTs) and organic components (polymers) [12][13]. The covalent bonding between 
CNTs and polymers until now is commonly considered as the most effective interface 
for the load transfer. In poly(vinyl alcohol) (PVA) solution, it has been recently found 
that the PVA crystallites nucleated by CNTs, . also called the crystalline layer 
surrounding CNTs, can act as a strong non-covalent interface in the load transfer [14]. 
However, it is not clear how to fabricate an optimised crystalline layer around CNTs 
from polymer melts, although the nucleating role of CNTs in crystalline polymers has 
been commonly recognised. As the third sub-tasks, we will take polycaprolactone 
(PCL) as polymer matrix to find out a specific thermal treatment to create a crystalline 
layer from PCL melts, and establish the empirical relationship between the mechanical 
reinforcement and the crystalline layer. 
Very recently, the role of CNTs in polymer composites is strongly challenged by 
graphene sheets [15][16][17], which have similar properties to CNTs. It is very 
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difficult to strip graphene sheets from graphite due to the strong bonding between the 
sheets. Introduction, by means of strong oxidation, of oxygenated groups into graphite 
can reduce this mutual bonding, allowing the exfoliation of graphite oxide (GO) in 
water by assistance of ultrasonication. However, it was found that GO cannot be 
exfoliated in organic solvents. We will develop a method to fully exfoliate the GO in 
an organic solvent at first. With this method in hand, the preparation and 
characterisation of graphene/polymer composites can be carried out. 
1.2 Aims of the project 
The aims of this PhD project are summarised as follows: 
(I) To understand the mechanism of the electrical conductance in the CNT/polymer 
composites semi-conductive CNT/polymer composites and develop a novel coating 
technology to fabricate the semi-conductive CNT/polymer composites with low 
percolation threshold 
(2) To understand the mechanism of the thermal conductance in the CNT/polymer 
composites and develop a simple method to reduce the interfacial phonon scattering 
(3) To understand the mechanism of the load transfer across the semi-crystalline 
interface between CNTs and polymers and develop a method of thermal treatment to 
optimise the semi-crystalline interface in polymer melts for effective load transfer. 
(4) To develop a method to fabricate functionalised graphene sheets in an organic 
solvent and highlight two samples to confirm that functionalised graphene sheets can 
be a strong substitute for CNTs in the reinforcement of polymers. 
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2.1 Introduction of CNTs 
Following the discovery of fullerenes [18] the first report of carbon nanotubes 
(CNTs) was published by Ijima [19] in 1991. As shown in Figure 2.1, CNTs can 
be generally considered as seamless cylinders rolled up by graphene sheets, which 
have a great length-to-diameter ratio. According to the diameter of the cylinders, 
the family ofCNTs is divided into multi-walled carbon nanotubes (MWCNTs) [20] 
with a diameter range from 4 to 30nm, double-walled carbon nanotubes (DWCNTs) 
[21] with a diameter in the range of 2-5nm, and single-walled carbon nanotubes 
[22] with a diameter range from 0.4 to 2-3 nm. According to the ways of rolling 
up graphene sheets (the chiral angle between hexagons and the tube axis), CNTs 
can be categorised as "armchair" nanotubes (Figure 2.2(b», "zig-zag" nanotubes 
(Figure 2(c» and "chiral" nanotubes (Figure 2.2(d». As shown in Figure 2.2(a), 
the ways of rolling up graphene can be defined by a lattice vector Ch =nal+ma2. 
where n, m are integers and al, a2 are the unit vectors of graphite. For m=O, 
graphene sheet is rolled up to the zig-zag nanotube; for m=n, graphene sheet is 
rolled up to the armchair nanotube. The nanotube diameter d is defined by d=lchl. 
Figure 2.1 Multi-walled carbon nanotubes discovered by Iijima in 1991 [20] 
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These unique structures have generated a great deal of interests from academia and 
engineers in developing novel CNT-based multi-functional materials. Thousands 
of papers are being published every year to report the application of CNTs, such as 
emission devices [23], sensor devices [24], electrochemical devices [25], 
CNT-based composites [26], and thermal management materials [27]. However, 
high production cost of high quality nanotubes is the biggest bottleneck for the 
commercial application of CNTs. 
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Figure 2.2 (a) Schematic honeycomb structure of a graphene sheet. Single-walled 
carbon nanotubes can be formed by folding the sheet along lattice vectors. The two 
basis vectors al and a2 are shown. Folding of the (8,8), (8,0), and (10,-2) vectors 
lead to armchair (b), zigzag (c), and chiral (d) tubes, respectively [28]. 
2.2 Synthesis of CNTs 
Simple, inexpensive and large-scale production of CNTs with high yield and purity 
is the target in the synthesis of CNTs. This part briefly reviews the most popular 
techniques to synthesize CNTs, including arc-discharge, laser ablation and 
chemical vapour deposition [28]. 
(1) Arc-discharge 
Arc-discharge refers to the growth of CNTs by arc-discharging graphite in insert 
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gas [29], hydrocarbon [30], or hydrogen atmospheres [30]. In 1992, Ebbesen and 
Ajayan [29] firstly used arc-discharge technique to prepare high quality MWCNTs 
at the gramme level. In the following year, Bethune and co-worker [31] reported a 
cobalt-catalysed growth of SWCNTs by using arc-discharge, in which electrodes 
were prepared by filling graphite rods with mixture of powdered metals (Fe, Ni or 
Co) and graphite. Ishigami et al [32] reported a modified arc-discharge method to 
continuous synthesize MWCNTs in liquid nitrogen. The schematic view of 
apparatus [32] is shown in Figure 2.3. In the growth of the MWCNTs, graphite 
anodes were dipped into an open container with a short non-consumable copper or 
graphite cathode. The container was filled with liquid nitrogen. After arc discharge 
struck as two electrodes contacted, the MWCNTs formed in the arc-plasma region 
dropped to the bottom of the container. This method was cheaper and simpler in 
comparison with conventional arc-discharge method, and showed industrial 
potential to produce MWCNTs in large scale. Sano et al [33] release another report 
in regard to synthesis of SWCNTs in liquid nitrogen by using composite electrodes 
consisting of graphite and Ni. Later, other liquid media such as deionised water 
[34][35] or aqueous solution of FeS04 [35] or NaCl [36] were used to replace 
LJ 
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Figure 2.3 Scheme of continuous production liquid-nitrogen reaction chamber for 
nanotube synthesis [32] 
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liquid nitrogen due to the strong evaporation of liquid nitrogen that caused less 
cooling efficiency. Arc-discharge method is usually used to produce high quality 
and nearly perfect nanotube structure for scientific research. 
(2) Laser ablation 
Laser ablation as another useful technique to produce CNTs with high quality and 
high purity was firstly invented by Samlley and co-workers in 1995 [37]. This 
technique involved direct vaporisation of the mixture of graphite and transition 
metals by using a pulsed laser in a high temperature reactor with inert gas going 
through the chamber. Compared with the arc-discharge method, laser ablation 
showed greater control over growth, continuous operation, higher yield production 
and better quality. Later, Yudasaka et al [38] used double-target laser ablation to 
produce SWCNTs with higher purity than single-target one. The idea of "double 
targets" mainly concerned application of two independent targets containing 
carbon and metal-alloy, respectively. Afterward, much work has covered 
optimisation of the growing process of CNTs, such as composition of the target 
[39][40], type of gas [41], gas pressure and its flow rate [42][43][44], ambient 
temperature, and laser parameters [45][46][47]. 
Figure 2.4 Oven laser-vaporisation apparatus [37] 
(3) Chemical vapour deposition 
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Chemical vapour deposition (CVD) is a classical method to produce carbon 
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materials such as carbon fibre, filament and nanotube materials [48][49]. The 
CVD method involves synthesizing CNTs from hydrocarbon or carbon-containing 
feedstock on catalysts at high temperature (500-1000°C) in a tube furnace [50]. 
The choice of feedstock covered methane [50], ethylene [51], carbon monoxide, 
[52], benzene [53] etc. Transition-metallic nanoparticies formed on porous 
aluminum oxide with large surface areas are always used as catalysts [54]. The 
growth mechanism of CVD method is commonly interpreted as follows [28]: (1) 
the dissociation of hydrocarbon molecules catalyzed by transition-metallic 
nanoparticles; (2) the dissolution and saturation of carbon atoms in 
transition-metallic nanoparticies; (3) the formation of tubular carbon solid results 
from the precipitation of carbon from the saturated transition-metallic 
nanoparticles. Compared with above two methods, the CVD method has 
significantly attracted industry due to its advantage on large-scale production of 
CNTs from kilogramme to tonne level for commercial purposes. 
2.3 Fabrication of CNT/polymer nanocomposites 
The micrometre inorganic fillers have conventionally been applied to prepare 
polymer composites with desirable properties for a long time. Since the 
appearance of nanotechnology in early 1970s, a great deal of interest has been 
generated to fabricate functional polymer nanocomposites. In 1985, the first 
fabrication of c1ay/nylon-6 nanocomposites by Toyota Central R&D Lab (Japan) 
opened the door to the world of polymer nanocomposites. Since the discovery of 
CNTs in 1991, CNTs have been considered as ideal nanofillers for polymers in last 
decades due to their super mechanical, thermal and electrical properties. Since the 
first report of CNT/polymer nanocomposites released by Ajayan et al [26] in 1994, 
a large number of papers have been published, which covered a variety of high 
performance CNT/polymer nanocomposites. This review was kicked off from the 
fabrication of the nanocomposites, which determines the morphology and 
properties of the nanocomposites. Achieving a homogenous dispersion of CNTs on 
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in polymers is a key challenge in the fabrication of the nanocomposites. "A 
homogenous dispersion of CNTs in polymers" does not mean the individualisation 
of single tubes in polymers on a scale of billionths of a metre without any 
agglomerates or aggregates. It means CNTs in polymers are distributed into 
polymers with a scale of less than or equal to 100nm in one of the dimensions at 
least. According to several review articles, fabricating techniques generally can be 
categorised as melting processing, solution methods, in-situ polymerisation and 
some novel techniques. In all these techniques, the pre-treatment of CNTs using 
chemical modification or wrapping technology has been popularly regarded as 
useful assisting methods to achieve good dispersion of CNTs in polymers. In this 
part, the introduction of the pre-treatment was separated from the other fabricating 
techniques. 
2.3.1 Pretreatment of CNTs 
The active reactivity of Sp2 -rich carbon structure drives the chemical modification 
to be the most popular mean to tailor the surface of CNTs with attachment of 
functional groups and macromolecules. 
Liu et a1 [55] firstly reported an oxidising method to purify and shorten SWCNTs 
by the assistance of sonication in a 3: I (v/v) concentrated H2S04IHN03 mixture. It 
was discovered that the oxidisation can generate many carboxylic groups on the 
open-ends of the SWCNTs. The use of other oxidants was successively reported to 
produce oxygenated groups on the ends and walls of CNTs, which included 
H2S041H202 [56] and KMn04 [57]. These oxygenated groups mainly contain 
carboxylic groups, hydroxyl groups and ether groups. Zhang et al [58] compared 
the chemical structure of the SWCNTs that had been treated by three kinds of 
oxidants including HN03 (2.6M), a 3:1 (v/v) concentrated H2S04 
(98%)/concentrated HN03 (16M) mixture and KMn04. It was discovered that the 
treatment of the SWCNTs by dilute HN03 only generates carboxylic groups at the 
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initial defects already existing in the SWCNTs and fails to increase amounts of 
carboxylic groups along with refluxing time. In contrast, sonication can create 
some new defects along the walls of the SWCNTs for attachment of carboxylic 
groups in H2S04IHN03 mixture. Differently, KMn04 in alkali was found to be a 
mild oxidant producing hydroxyl groups, carboxylic groups and quinine groups on 
the surface of the SWCNTs. The authors finally made a description about the 
whole oxidising process. The oxidation started from the initial defects that are 
brought from the CVD growth of the SWCNTs. Then, the oxidising process was 
divided into two steps: (1) the defect-generating step where the oxidants attacked 
the graphene structure of the SWCNTs by electrophiIic reactions, commonly 
generating hydroxyl groups; and (2) the defect-consuming step where the graphene 
structure broke down at the sites attacked by the oxidants and the tubes were cut 
off. In both steps, only strong oxidant generated carboxylic groups and quinine 
groups and made the defect-consuming step happen. 
Fluorination is another feasible mean to chemically modify CNTs, which was 
firstly discovered by Hamwi et al [59]. They discovered that 100% fluorination of 
MWCNTs can be achieved at 500°C under fluorine atmosphere, which leads to the 
damage of tubular structure. At room temperature, fluorination was conducted 
under a gaseous atmosphere of F2, HF, and IFs, after which the tubular structure of 
the MWCNTs was preserved because of low fluorination level (the value of F/C 
was only 0.4). Afterward, Mickelson et al [60] investigated the fluorination of 
SWCNTs at different temperatures. FTIR results confirmed the formation of C-F 
bonds on the sidewalls of the SWCNTs as reacting temperature reached 250°C or 
higher. It was visually disclosed by TEM images that the tubular structure of the 
SWCNTs is destroyed at a reacting temperature of 500°C and interestingly 
converts to MWCNT-like structure. This work also mentioned that the restoration 
of the fluorinated SWCNTs could be fulfilled using anhydrous as a defluorinating 
agent. In addition to oxidation and fluorination, several other chemicals were also 
reported to functionalise CNTs, such as aryl diazonium [61][62], dichlorocarbene 
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[63], and azomethine ylides [64]. 
'Vi 
OH 
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Figure 2.5 Scheme of the reaction between carboxylated CNTs and PVA activated 
by carbodiimide [65] 
Functionalisation of CNTs with macromolecules that hold structural similarity 
with the polymer matrix is considered as a more effective pre-treating approach to 
prevent the aggregation of CNTs in polymers in comparison with the covalent 
attachment of functional groups. "Grafting to" and "grafting from" are two main 
strategies to functionalise CNTs with long macromolecular chains. So-called 
"grafting to" takes place via the reactions between the reactive groups on CNTs 
and end-functionalised macromolecules [66][67][68][69][70][71][72]. Lin et al 
[65] employed carbodiimide-activated esterification reaction to graft PVA to 
carboxylated CNTs (CNTs-g-PVA) (Figure 2.5). The solubility of the CNT-g-PVA 
was presented in highly polar solvents and water, which consequently resulted in 
uniform dispersion of the CNTs-g-PVA in the PVA matrix (Figure 2.6). 
Figure 2.6 Typical TEM image of a specimen from the cross-sectional microtomy 
of a PVA-MWCNT composite film [65] 
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Xia et al [73][74] grafted isocyanate-terminated PU to the CNTs with hydroxyl 
groups (CNTs-OH) using the reaction between hydroxyl groups and isocyanate 
groups (Figure 2.7). It was found that the CNTs grafted with PU showed better 
dispersion in DMF and polyether polyols in comparison with pristine CNTs and 
the CNTs-OH. 
+ 
-:!. - - - ~ 
00=1' .!=NCO ~CH~(OCI·h.cH (CH.)Jon(,"H~H:.-OH + IIO-C"If,C"~(ClI,) CIIClhO)"..C 11 ••• _ ....... Cl 1~[0C'1,1,.c11 (CII~)1.CII:CllrOll QC. - , :-.ICO b 
QC NCO 
.. o---:=t~o" 1-10--- 011 110- >: 01-1 
HO : OH 
110---> . : OH 
110 . ou 
~ dned 
:iE~ 
-:;: .. -.. -- ::"':' 
Figure 2.7 Schematic illustration of the grafting process of polyurethane on the 
multi-walled carbon nanotubes. The bar represents 50 nm in AI, 20 nm in A2, 50 
nm in B2 and 20 nm in B2 [74]. 
Liu et al [75] presented an approach to anchor living macromolecules to the 
MWCNTs appended unsaturated double bonds (Figure 2.8). Ligand-exchange 
reaction of ferrocene (Cp-Fe-Cp) was employed to chemically modify the 
MWCNTs. The modified MWCNTs (Cp-Fe-MWCNTs) were then monolithiated 
by tert-butyllithiurn and terminated by p-chloromethylstyrene (pMS). Finally, the 
living polystyllithium anions were grafted to pMS-terminated MWCNTs via 
anionic polymerisation. 
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Figure 2.8 Scheme of the reaction between pMS-Cp-Fe-MWCNTs and 
polystyrene [75]. 
Wang et al [76] employed cyrcIoaddtion to graft azide-termiated polystyrene (PSt) 
to CNTs (Figure 2.9). The PSt was converted from halogen atom terminated PS 
that was prepared by means of atom transfer radical polymerisation. This method 
took advantage of the double bonds existing in the CNTs instead of the functional 
group. 
The "grafting from", as another approach to covalently anchor macromolecules to 
the surface of CNTs, refers to the polymerisation of monomers initiated by CNTs. 
How to create appropriate initiators on the surface of CNTs is a key issue for a 
variety of reported "grafting from" methods. In fact, "grafting from" partially 
overlaps with in-situ polymerisation. Opening the double bonds of CNTs by 
initiators facilitates the "grafting from" of vinyl monomers, such as methyl 
methacrylate and styrene, onto the surface of CNTs. 
Figure 2.9 Schematic preparation process of modified CNT with PSt [76] 
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Hwang et al [77] grafted MWCNTs with PMMA using emulsion polymerisation. A 
typical experiment was described as followed: a SOOml, O.llM 
cetyltrimethylammonium bromide was added with 2Sg purified MMA monomer in 
presence or absence of the MWCNTs. After sonication was applied to the solution 
for 5 min, 0.12g radical initiator, potassium persulfate (K2S20S), was added to the 
solution that had been purged with N2. The reaction was initated and kept for 5 h 
after the solution was heated to 70°C. Afterward, water was removed by purging 
with air. The resulted polymer slurry was washed several times with methanol to 
the surfactant, and then dried to powders in a vacuum oven. Then, the powders 
were dissolved in chloroform and filtered via a micro filtration cell (O.2~m, Nylon 
66 membrane) to wash out physically aborbed free PMMA. The step was repeated 
for several times. Finally, the PMMA-grafted MWCNTs were thus obtained" Xia 
et al [78] reported a similar method to graft MWCNTs from BA and MMA 
(Figure 2.10). Emulsion polymerisation was initiated by ultrasonic irradiation, 
which was the novel issue in this method. 
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Figure 2.10 Proposed formation mechanism of polymer-encapsulated carbon 
nanotubes through ultrasonically initiated in-situ emulsion polymerisation [78]. 
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Li et al [79] reported another route to make SWCNTs join in the copolymerisation 
reaction (the first leg of the scheme in Figure 2.11). Afterward, polyethylene 
chains were successfully grafted onto the sidewalls of the SWCNTs via 
copolymerisation of ethylene with functionalised SWCNTs catalyzed by 
rac-(en)(THInd)2ZrChIMAO (the second leg of the scheme in Figure 2.11). 
EIIIm m + sarcosine + undecylenic aldehyde 
r-SWCNT 
(I) 1<1~-{~Il)(Tflrnd~IZrCl1iM,I\(L. 
(2)elhylene 
(3) after extracted with toluene 
SWCNT-g.pE 
( ••••. PE chain) 
Figure 2.11 Scheme of preparation of alkene-functionaIised SWCNTs 
(f-SWCNTs) and SWCNT-g-PE via the copolymerisation technique [79,79]. 
Liu et al [80] discovered that grafting efficiency and grafting ratio is very Iow and 
uncontrollable when the "grafting from" occurs as a result of copolymerizing vinyl 
monomers with the It-bonds in MWCNTs directly in the presence of free radical 
initiators. They even failed to observe any PS chains were grafted to the MWCNTs 
when the radical initiator (benzoyl peroxide or potassium persulfate) was used 
directly to initiate the grafting polymerisation of styrene. However, the grafting 
efficiency and grafting ratio could be optimised and controlled using the 
MWCNTs as macro-initiators. The detailed procedure (Figure 2.12) was 
introduced step by step as followed: (1) The MWCNTs were dispersed into the 
initiator solution composed of potassium persulfate and hydrogen peroxide and 
kept gently stirring for 2-5 hours in ice-water bath for the adsorption of initiator 
species. A small quantity of sodium dodecyl sulfate (SDS) was added to improve 
the dispersion of the MWCNTs. (2) The methyl methacrylate (MMA) monomers 
containing divinyl benzene used as crossIinking agent were emulsified in SDS 
aqueous solution under N2 gas. (3) The CNT/initiator blends were centrifuged to 
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precipitate the CNTs that had done with absorption of initiators. Then, precipitated 
CNTs were immediately dispersed in MMAlSDS emulsion. (4) The reductive 
initiator (ferrous sulfate) was dissolved in water and added into the 
CNTIMMAlSDS/water system. (5) The polymerisation was first performed in 
ultrasonic bath at 60°C for 30 min and then carried out in water bath (80°C) for 
another 3 h under magnetic stirring. 
Atom transfer radical polymerisation (ATRP) is a "living" polymerisation that 
derivates from radical polymerisation. In comparison with other "living" 
polymerisation methods such as anionic or ionic polymerisation, ATRP displays at 
least three advantages [81]: (I) a "living" polymer with functional groups can be 
synthesized, which is a precursor to form a blocked polymer with controlled 
structure; (2) the "living" sites in polymer remain constant and stable, which can 
resist moisture environment; (3) it presents flexible access to a wide range of 
Figure 2.12 Scheme of the method for preparation of the CNTs bundle wires with 
PMMA shells [80] 
R' + >~Mt+1 I Ligand 
~~ .......... ~. 
p ..... 
R-R 
Figure 2.13 Mechanism of atom transfer radical polymerisation 
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monomers. The schematic mechanism [81] of ATRP shown in Figure 2.13 informs 
that ATRP commonly uses simple alkyl haIides as initiators and simple transition 
metals (iron, copper) that are complexed by one or more ligands as the catalysts. 
Kong et al [82] reported an ATRP approach to graft macromolecules from CNTs. 
As shown in Figure 2.14, the polymerisation route included four steps: (1) the 
preparation of carbonyl chloride groups functionalised CNTs (CNT-COCl) via the 
reaction of thionyl chloride with carboxyl-contained CNTs (CNTs-COOH); (2) the 
introduction of hydroxyl groups onto the surface of the CNTs via the reaction of 
the CNTs-COCl with glycol; (3) the formation of CNTs-Br used as initiating sites 
by reacting the CNTs-OH with 2-bromo-2-methylpropionyl bromide; and (4) the 
grafting polymerisation of methyl methacrylate from the CNTs-Br by means of 
ATRP. The authors found that this novel approach was capable of controlling the 
thickness of the grafting layers in the end. 
Figure 2.14 Scheme offunctionalising the CNTs using ATRP [82] 
2.3.2 Solution method 
Solution method is considered as perhaps the most common method to prepare the 
CNT/polymer nanocomposites [11], which mainly involves two steps: (1) the 
dissolution of CNTs and polymers in solvents; and (2) the evaporation of solvents. 
Mechanical stirring, shear mixing, and ultrasonication are generally used to 
disperse CNTs in solvents. The advantage of this method is that the mechanical 
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agitation especially ultrasonication can effectively reduce the aggregation of CNTs. 
Qian et al [83] employed a typical solution method to fabricate MWCNTIPS 
nanocomposites. The PS was firstly dissolved in toluene with a mass ratio of I: I O. 
Then, the MWCNTs were dispersed in toluene by high-energy ultrasonication at 
150 W for a period of time. The mixing of the PS solution and the MWCNT 
suspension subsequently underwent ultrasonication again in a bath for 30 minutes. 
Afterward, the mixture was cast into a culture dish, and dried completely to form 
uniform films. To date, solution method has been applied to incorporate CNTs into 
a variety of polymers including epoxy, PE, PP, PA, PC, PS, PET, PU and PVA. 
Chemical modification or surfactant wrapping of CNTs, in some case, is used to 
improve the dispersion of CNTs in solvents. Specifically, surfactant wrapping 
technology is quite useful to disperse CNTs in water-based polymers such as 
polymer latex. Colloidal physics method was interestingly developed to 
incorporate CNTs into polymer latex with the help of surfactant wrapping 
technology. Dufresne et al [84] firstly reported a typical route to incorporate CNTs 
into polymer latex, which included: (1) dispersing the CNTs in distilled water by 
the aid of sodium dodecyl sulfate (SDS) surfactant; (2) mixing the CNT 
suspension and poly(styrene-co-butyl acrylate) latex. The colloidal physics method 
displays several advantages: (1) surfactants used in this method facilitate the 
dispersion of CNTs in polymer matrix without damaging the properties of CNTs; 
(2) polymer hosts can be flexibly selected and the synthesizing process of polymer 
latexes is not affected by the incorporation of CNTs; (3) electrical conductivity can 
be highly improved with low CNT concentration (low percolation threshold); and 
(4) this method is environmentally friendly due to the use of water as medium 
instead of toxic solvents. Later, Regev et al [6] and Grunlan et al [7] both applied 
the colloidal physics method to incorporate CNTs into different polymer latex. 
Regev et al incorporated the SWCNTs wrapped by SDS or GA (Gum Arabic, 
polysaccharide) into PS latex, respectively (Figure 2.15). The homogenous 
SWCNTIPS nanocomposites were obtained following the treatments offree-
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Figure 2.15 Cryo-TEM micrographs of A) a 1:1 w/w SWCNT-SDS aqueous 
solution; B) 1:1 w/w SWCNT-GA in an aqueous, Swt.-% dialyzed PS-latex 
solution. Note the strong SWCNT-latex repulsion; C)I:I w/w SWCNT-GA in an 
aqueous, Swt.-% PS-latex solution, to which O.5wt.-% NaCl had been added to 
overcome the repulsion. Note the growth of individual or bundles of very few 
SWCNTs from the Ni-Y catalyst nanoparticIes (arrows in part (B) and (C) and 
inset in part (B). Scale bar=IOO nm [6] 
drying and compression moulding. Interestingly, it was found the addition of salt 
(NaCl) to the SWCNT-latex solution could reduce electrostatic and steric' 
repulsions between GA-stabilized SWCNTs and SDS-stabilized PS latex, which 
were both negatively charged. Grunlan et al [7] mixed GA-stabiIized SWCNTs 
with PVAc homopolymer emulsion (55wt% solid content) to produce a colloidal 
mixture with lOwt% solid content. The solid nanocomposites with an opaque 
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black appearance were obtained after drying under ambient conditions. 
Generally, the evaporation of solvents at a certain temperature for long time is 
necessary to obtain end products in solution method. Du et al [85] reported another 
method named hot coagulation, which avoided long-time drying to fabricate 
SWCNTIPMMA nanocomposites. After dissolving the SWCNTs and PMMA in 
DMF, the suspension was dripped into a large amount of distilled water 
(VDMFNwater=1:5) during blending. The precipitation of the PMMA immediately 
occurred to have the final nanocomposite, which was due to insolubility of the 
PMMA in the DMF/water mixture. SWCNTs were entrapped and stopped to 
aggregate again during the coagulation. 
2.3.3 Melt processing 
By using high temperature and shear mixing, melting processing is particularly 
suitable for dispersing CNTs in thermoplastic polymers. In this method, CNTs are 
mechanically dispersed in melting polymers by some conventional processing 
methods such as extrusion, injection moulding and compression moulding. To date, 
various commercial polymers have been used to fabricate polymer 
nanocomposites by the melt processing such as PC [86][87], PMMA [88] and PE 
[89]. Simplicity and large scale production make the melt processing become a 
welcomed technique in industry. However, the melt processing shows the 
weakness in achieving homogenous dispersion of CNTs in polymer matrix. 
Numerous efforts are being made to overcome this challenge. Haggenmueller et al 
[88] applied the solution casting to enhance the dispersion of SWCNTs in PMMA 
before the melt processing of SWCNTIPMMA nancomposites by compression 
moulding. Piitschke et al [87] used a commercialised masterbatch of the PC 
containing 15wt% MWCNTs, which was produced by Hyperion Catalysis 
Internationals (USA). The masterbatch was diluted by pure PC in DACA micro 
compounder at 260°C to prepare MWCNTIPC nanocomposite. Microscopic 
studies confirmed that no significant agglomeration of the MWCNTs exists in the 
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PC matrix. Shear stress in connection with the shear rate of extruders is a key 
factor to break down the agglomeration of nanofillers in polymer melts. A 
Japanese company (Imoto, Co. Ltd) has recently developed a high-shear extruder 
(HSE3000mini) with a maximal screw rotation speed of 3000rpm. Li and Shimizu 
used this extruder to achieve the 
good dispersion of unmodified MWCNTs in poly(styrene-b-butadiene-co-butylene 
-b-styrene) [90]. The use of chemically modified CNTs is another effective method 
to enhance the dispersion of CNTs in polymer matrix and the interfacial interaction 
between CNTs and polymer matrix. Zhang et al [91] reported that the MWCNTs 
treated by nitric acid could be well dispersed in Nylon-6 by simple 
melt-compounding. Li et al [92] also reported a homogenous dispersion of 
amino-functionalised MWCNTs in Nylon-6. In both reports, the loose 
accumulation of functionalised MWCNTs was considered as another factor 
benefiting the dispersion of the nanotubes in Nylon-6 matrix. Yang et al [93] 
unveiled a novel route shown in Figure 2.16 to prepare PE grafted MWCNTs 
(MWCNTs-g-PE). PE chains chemically attached onto the MWCNTs effectively 
individualised the nanotubes in the PE matrix and enhanced the MWCNT-PE 
interfacial adhesion. Significantly, mechanical reinforcement was demonstrated 
that the Young's modulus and tensile strength of the PE increased by - 92% and 
-23%, respectively, with the incorporation of 2wt% MWCNTs-g-PE, and the 
ductility and toughness increases by -6% and -61 %, respectively, with the 
~ H~41rm03 (I 3) • • k 
, COOH 
:1 
~-CONH(CH,)'NH' 
Figure 2.16 Grafting ofPE-MA on MWCNTs [93] 
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incorporation of 1.5wt% MWCNTs-g-PE. Non-chemical modification of CNTs 
was used to improve the. compatibility between CNTs and polymer matrix. 
Poly(n-butyl acrylate) [78] and styrene maleic anhydride copolymer [94] were 
selected to encapsulate CNTs before the melt processing of CNTlNylon 
nanocomposites. However, the effect of non-chemical encapsulation on the 
dispersion could not compare to the chemical modification of CNTs. 
Very recently, coating technology has been applied to pre-mix polymer powder 
with CNTs before the melt processing. Cooper et al [95] reported a dry powder 
method to coat CNTs over polymer particles. Ultrasonication was used to 
distribute the CNTs over the surface of PMMA spherical particles in ethanol. After 
ultrasonication, the mixture was spread out thinly on a foil surface, dried in a 
vacuum oven at 50°C for 1-2 hours, and mechanically mixed using a Molinex 
Attritor (Netzsch Feinmahl Technick, Germany) at 2000rpm for 30 min. Finally, 
the PMMA particles coated with the CNTs were kneaded to uniform viscous mass 
in a twin-screw compounder at 170°C for 10-30 minutes. High-shear stress 
provided by the compounder further could de-agglomerate remaining CNT 
bundles formed during the coating procedure. Shofner et al [96] applied a similar 
method to fabricate SWCNT/PE nanocmposites including dispersing the SWCNTs 
into alcohol solvents, coating SWCNTs on the surface of PE particles, high shear 
mixing and compression moulding. The results from SEM imaging and Raman 
spectroscopy confirmed that the fluorination of the SWCNTs effectively enhances 
both the dispersion and interfacial interaction between the nanotubes and PE 
matrix. In addition, the partial restoration of the SWCNTs resulting from the 
occurrence of de fluorination during the melt processing was observed by Raman 
spectroscopy and TGA-FTIR. The authors considered that in-situ direct covalent 
bonding between the nanotubes and PE matrix formed as a result of defluorination 
makes the fluorinated SWCNTs show better mechanically reinforcing ability than 
pure SWCNTs. Zhang et al [97] reported a spraying method to coat the SWCNTs 
onto the surface ofHDPE powder. The SWCNTs were dispersed in water with the 
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aid of SDS and ultrasonication. Then, the SWCNT aqueous solution was sprayed 
onto a thin layer of the HDPE powder, as shown in Figure 2.17. During the 
spraying process, the tray with the HDPE powder was being shaken to ensure the 
unifonn absorption of the SWCNT aqueous solution around the HDPE particles 
(Figure 2.18). After drying for 1 hour at 90°C, the HDPE powders coated with the 
SWCNTs was melt processed to unifonn mass in DACA Micro Compounder 
Figure 2.17 A spraying scheme: SWCNTs suspended solution was unifonnly 
spurted onto the surface of HDPE powders from sprinkler [97] 
V Spot Magn Del wo 600 nm 
1 00 kV S 0 lUOOOOx SE U 2-2 
",." . 
Figure 2.18 SEM image of the morphology of SWCNTs on the surface of HDPE 
powder by spraying method [97] 
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(screw speed: 50rpm) at 160°C for about 20 minutes. Bakshi et al [98]used milling 
method to coat the MWCNTs onto the surface of ultra high molecular weight 
polyethylene (UHMWPE) powders. The UHMWPE powders coated with the 
MWCNTs were sprayed onto a teflon coated substrate using an electrostatic 
powder coating system. This electrostatic spraying technique ensured a uniform 
deposition ofthe MWCNTIUHMWPE powders with negligible overspray and loss 
of the MWCNTs. The consolidation of the powders to a film was performed in a 
heated oven at 180°C for 30-40 minutes. Kanagaraj et al [99] reported a heating 
method to coat chemically modified CNTs on HDPE pellets. First of all, the 
chemical modified CNTs were subjected to ultrasonication in deionised water for I 
hour to form a stable nanofluid. Then, the mixture of the nanofluid and HDPE 
pellets underwent continuous heating and stirring to achieve a uniform coating of 
the CNTs on the surface of the HDPE pellets. After the evaporation of water, these 
pellets were dried in an oven for another 24 hours at 110°C to remove residual 
water. Finally, these pellets were processed to tensile specimen using an injection 
moulding machine. Mu et al [100] very recently unveiled another approach to coat 
polystyrene (PS) pellets with CNTs by heating. The whole process was quite 
similar to Kanagaraj's method. The novel issue in the method is the heating 
temperature (l30°C) was set to be higher than Tg of the PS, which could soften the 
PS pellets. Enhanced adhesion between the CNTs and softened PS pellets could 
reduce the quantity of the tubes remaining in water and increase the coating 
efficiency. 
2.3.4 In situ polymerisation 
In situ polymerisation has attracted comprehensive attention since five years ago, 
which generally consists of two steps: (a) the dispersion of CNTs in monomers or 
monomerlsolvent mixtures; (b) the polymerisation of monomers in presence of 
CNTs. Functionalised CNTs are commonly used to achieve better dispersion in the 
first step of in situ polymerisation. Jia et al [101] initially reported the fabrication 
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of CNT/PMMA nanocomposites via in situ radical polymerisation. The author 
considered that the initiator 2,2'-azobisisobutyronitrile (AIBN) could open 
thelt-bonds of the CNTs and led the CNTs to participate the polymerisation of 
MMA. As a result, a covalent interface was formed between the CNTs and PMMA 
to favor an increase of tensile strength. Liang et al [102] reported on the 
preparation of CNTIPMMA nanocomposites using in situ anionic polymerisation, 
in which debundled CNTs salts were used as anionic initiator. The schematic route 
is simply shown in Figure 2.19. Like the It-bonds in CNTs, functional groups also 
can make CNTs join in the polymerisation of monomers. The CNTs with 
oxygenated groups have shown their advantage in participating into the synthesis 
of PU, which mainly involves the reaction between hydroxyl groups and 
isocyanate groups. Xiong et al [103] revealed a route to prepare CNTIPU 
nanocomposites using in-situ polymerisation (Figure 2.20), which contained (a) 
the preparation of the CNTs with carboxylic acid groups; (b) the synthesis of the 
CNT amide derivative; (c) the dispersion of the CNT amide derivate in 
polyoxytetramethylene (PTMO); and (d) the synthesis of the PU in the presence of 
the CNT amide derivate. Jung et al [104] reported on the crosslinking role of the 
MWCNTs with carboxylic acid groups for PU. The whole cross linking process 
was tracked by FT-IR spectroscopy. Testing results showed that the Young's 
modulus and tensile strength of the PU was improved by nearly 300% and 130%, 
respectively, as the incorporation of the chemical modified MWCNTs was up to 
4wt%. 
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Figure 2.19 Schematic route of in situ anionic polymerisation of MMA using 
debundled CNTs salts as anionic initiator [102] 
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Figure 2.20 Chemical routes for preparation ofPU-CNT composite [103] 
The esterification reaction between carboxylic acid groups and epoxy is commonly 
applied to covalentIy integrate carboxylated CNTs into epoxy composites during 
curing process, which is another type of in situ polymerisation. Zhu et al [105] 
used open-end oxidation and sidewall fluorination to functionalise SWCNTs with 
carboxylic groups on their open end-tips and fluorine groups on their sidewalls. 
These functional groups were used to yield a good dispersion of the SWCNTs in 
an epoxy matrix, and form covalent bonds between the SWCNTs and epoxy 
during curing process. Beside esterification reaction, they also pointed out that the 
reaction between the fluorine groups and diamine curing agents at a high 
temperature may be another mean to covalently introduce the SWCNTs into epoxy. 
It was found that I wt% functionaIised SWCNTs resulted in 30% increase in 
modulus and 18% increase in tensile strength, respectively. Tseng et al [106] 
considered that the strong chemical modification by acid could result in damaging 
the structure of tube walls and shortening the length of tubes, which was not easy 
to control as well. They reported another route to fabricate CNT/epoxy 
nanocomposites (Figure 2.21), which could overcome the disadvantage of the 
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chemical modification. In Tseng et aI's work, a plasma treatment was used to 
generate a large number of radicals on the surface of the CNTs in a vacuum reactor. 
The initiation of maleic anhydride (MA) was subsequently performed on the 
surface of the CNTs by the radicals. The CNTs with amino groups were prepared 
via the reaction between the CNTs grafted with MA and diamine. Finally, the 
CNTs with amino groups co-cured epoxy with the diamine serving as a main 
curing agent, by which the CNTs were chemically incorporated into epoxy. A 
significant improvement in mechanical properties was observed. i.e. the tensile 
modulus increased by more than 100% and the tensile strength showed an average 
50% higher than pure epoxy with the incorporation of 1 wt% CNTs-g-MA. 
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Figure. 2.21 Schematic procedure for preparation of CNTs-MAlEpoxy 
nanocomposites [106] 
2.3.5 New methods 
In this part, some novel methods to prepare CNT/polymer nanocomposites are 
introduced. An alternating deposition technique called layer-by-Iayer assembly 
was invented to fabricate highly CNT-filled films with multilayer structure as seen 
in Figure 2.22, which mainly took advantage of electrostatic and van der Waals 
interaction between oppositely charged CNTs and polyelectrolytes. Olek et al [107] 
reported the preparation of MWCNT/polyethyleneimine (PEI-b) nanocomposites 
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Figure 2.22 SEM images of the rapture region of the MWCNT freestanding film 
after stretching tests [107] 
Figure 2.23 SEM images of 980 urn polystyrene particles coated with one layer of 
MWCNTs [l08] 
by manually committing cyclic immersion of solid substrates in oppositely 
charged PEI and MWCNT solutions. Correa-Duarte et al [108] reported on the 
assembly of MWCNTs on nanosized PS particles used as substrates, which was 
also driven by the electrostatic interaction between the oppositely charged 
MWCNTs and PS particles. The MWCNTs were treated by acid to be negatively 
charged. The PS particles were positively charged with the help of 
poly(diallyldimethylammonium chloride (PDDA). After mixing the oppositely 
charged components, the MWCNTs were self-assembled on the surface of the PS 
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particles, as shown in Figure 2.23 and Figure 2.24. Shim et al [109] reported on 
the preparation of SWCNT/poly(vinyl alcohol) (PVA) nanocomposites using 
layer-by-layer assembly. The SWCNTs positively charged by 
poly(sodium-4-styrene) (PSS) and PVA formed layer-by-layer assemblies on a 
clean silicon substrate. 
Figure 2.24 SEM images of polystyrene particles with hexagonal order before (a 
and d) and after (b,c,e,f) assembly of carbon nanotubes. All images correspond to 
the same sample but images (c) and f have been obtained with a tilting angle of 
10°. Scale corresponds to (a) [108] 
2.4 Electrical property of CNTs and CNT/polymer composites 
2.4.1 Electrical property of CNTs 
One-dimensional CNTs have been regarded as giant molecular quantum wires in 
which electrons can propagate along their transverse direction freely. Due to the 
confinement of electron transport in the transverse direction, the conductance is 
quantised into a series of discrete values. This quantisation results in the validation 
of Ohm's law for calculating the electrical resistance of a quantum wire. It is 
believed that the boundary condition with relation to the diameter and the helicity 
of carbon atoms in nanotube shell determines the electrical property of CNTs [110]. 
As mentioned above, the diameter and helicity are specified by the vector Ch 
=nal+maZ. Ifn - m is a multiple of 3, then the nanotube is metallic, otherwise the 
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nanotube is a semiconducting [3]. 
In the early stage, experimental measurement of the electrical transport in CNTs 
was conducted using two-probe [111] and four-probe tests [112][113]. Thess [113] 
et al used a four-probe method to obtain the resistivity of metallic SWCNT ropes, 
which was less than 10'" ohm-centimetres at 300 Kelvin. However, it is very 
difficult to make ideal electrode-tube contacts with CNTs (An ideal electrode-tube 
contact will not backscatter any electron entering or leaving CNTs). Strong 
electron scattering at electrode-tube contacts results in lower experimental values 
than predicted. In 1998, Frank et al [114] experimentally measured the 
conductance of arc-produced MWCNTs using a scanning probe microscopy with a 
tip replaced by nanotube fibre. The tip of the fibre was lowered into a drop of 
liquid mental to establish gentle electrical contacts with a MWCNT. The electrical 
conductance of the MWCNTs is one unit of the conductance, 
Go=2e21h=(12.9kilohmsr1, where e is the charge on the electron and h is the 
Planck constant. They also found that the MWCNTs appear to be ballistic 
conductors, despite the interaction expected between the different tube walls. 
Moreover, extremely high stable current density in excess of 107 Amps per square 
centimetre was attained. Later, Sanvito et al [115] stated their explanation for 
Frank et aI's discovery, which was the interwall interactions blocked the quantum 
conductance channels and redistributed the current nonuniformly over individual 
nanotubes across the structure. 
2.4.2 Electrical property of CNT/polymer composites 
Semi-conductive polymer composites have been widely applied in anti-static films, 
electromagnetic interference (EMI) shielding, chemical sensor, photoconductors, 
bipolar plates for fuel cells and impedance adapters for organic light emitting 
diodes (OLEDs). Conductive fillers including carbon black and graphite have been 
widely used to enhance the electrical conductivity of polymers [116] [117]. A 
percolation theory is created to explain the conductive mechanism of polymer 
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composites, which reveals that the conductive pathway in polymer matrix formed 
by certain amount of conductive fillers can convert non-conductive polymers to be 
conductive. The critical amount of the fillers is called percolation threshold. In 
order to comprise the electrical conductivity with the mechanical properties and 
cost of the composites, the percolation threshold is required to be as low as 
possible. It has been reported that the percolation threshold of carbon black was 
around 25wt% [124] and graphite exhibited a lower percolation threshold around 
8wt% [125] due to their higher aspect ratio. CNTs are standing under spotlights 
due to their super electrical conductivity (> I 04 S/cm) and extremely high aspect 
Table 2.1 Electrical property of CNT/polymer nanocomposites 
Percolation Maximum 
Types of Types of 
Types of CNTs threshold conductivity 
polymer matrix processing 
(wt%) (S/cm) 
PE[89] CVD-MWCNTs Melt mixing 7-8 104 
PC[118] CVD-MWCNTs Melt mixing 5-6 10.6 
Acid-treated 
PP[119] Melt mixing 1-2 10') 
MWCNTs 
Acid-treated 
PP[120] Melt mixing 1-2 10') 
MWCNTs 
Oxidised 
PS[121] Solution casting 0.4-0.5 10.7 
SWCNTs 
PmPV-treated 
PS[121] Solution casting 0.17 10'7 
SWCNTs 
Acid-treated 
Epoxy[122] Solution casting 0.5 10.6 
SWCNTs 
Silane-treated In-situ 
Epoxy[123] 0.1 104 
MWCNTs polymerisation 
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ratio (> 1000), which show much lower percolation threshold than carbon black 
and graphite in the polymer matrix. Percolation thresholds are summarised in 
Table 2.1 according to types of polymer matrix and processing methods. The 
highest percolation threshold (-7wt%) appears in the melt processing of 
thermoplastic polymers with raw MWCNTs. The use of acid-treated MWCNTs 
decreases the percolation threshold to 1-2wt%. Much lower percolation threshold 
(less than 0.5wt%) appears in the solution processing of CNTIPS composites, 
which could be attributed to good dispersion of chemically modified CNTs in 
polymer matrix. Macromolecules functionalised CNTs facilitated lower the 
percolation threshold than the CNTs with functional groups. 
Recently, a novel cellular structure of CNTs in polymeric matrix has been created 
to achieve extremely low percolation threshold. The approaches to produce the 
cellular structure have been introduced in the section of "fabrication", including 
colloidal physics method and coating technology. Regarding the colloidal physics 
method, Regev et al [6] reported that the percolation threshold was 0.3wt% for PS 
latex (75nm) and PMMA latex (75nm). Grunlan et al [7] found that the percolation 
threshold based on PVAc latex (l05nm) was lowered to 0.04wt%. Grunlan et al 
proposed a morphological model (Figure 2.25) to explain the formation of the 
cellular structure hosted by latex. During the film formation of polymer latex, the 
CNTs are pushed to the interstitial space between spherical particles to form the 
cellular structure. The dramatic reduction of the free volume available for the 
CNTs to form conductive networks results in achievement of extremely low 
percolation threshold. Coating technology concerns the coating of the CNTs on the 
surface of polymer powders or pellets before film formation by static compression 
moulding at high temperature. The film formation of the powders or pellets under 
static condition locks the CNTs in the powder-powder or pallet-pallet boundary, 
allowing the formation of the cellular structure (Figure 2.26). Mu et al [100] 
applied the coating technology to PS pellets and found that the percolation 
threshold approached 0.1 wt% for the statically compressed films. The percolation 
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threshold whereas rose up to 1 wt% for the composites prepared by the hot 
coagulation method. It has to be pointed that the cellular structure cannot be 
formed if the coated powders or pellets are processed by shear mixing. It was 
reported that melt processing of HOPE coated with the CNTs only achieved a 
percolation threshold around 4wt% [97]. Some researchers discovered the cellular 
structure of the CNTs formed in foam matrix [126][127]. Xu et al [127] fabricated 
PU foam by using water as blown agent in presence of the CNTs. SEM images in 
Figure 2.27 show that the CNTs are located in the cell walls. In this work, the 
percolation threshold was reflected by the density of the foam instead of filler 
concentration. The conductivity sharply increased with the increase of density 
from 0.03 gcm·3 to 0.05gcm·3. The investigation of microstructure revealed that 
pore size increases and cell-wall thickness decreases with the decrease of density 
(Figure 2.28). The thinner cell-wall with less CNT content is the reason for the 
decrease of the conductivity. 
1. Suspension in 
Water 
2. Close-Pocklng 
During Drying 
3, Polyrrer Interdiffllslon 
(Coalescence) 
Figure 2.25 Schematic illustration of the drying process of SWCNT-filled polymer 
emulsion. Initially, the nanotubes and polymer particles are uniformly suspended 
in water (left). Once most of the water has evaporated, the polymer particles 
assume a close-packed configuration with the nanotubes occupying interstitial 
space (center). Finally, the polymer particles will interdiffuse (i.e., coalescence) to 
form a coherent film, locking the SWCNTs within a segregated network (right) 
[7]; 
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Figure 2.26 Optical micrographs of the cross-sections of SWCNTIPS 
nanocomposites prepared by the coated particle process (CPP) with (a) faceted PS 
domains and (b) elongated PS domains due to higher pressures during 
compression moulding. The lines across the polymer domains are from the 
diamond saw. (c) SEM image of the fracture surface of NTPSpel with 0.5 wt% 
SWCNT showing evidence that PS spans across the SWCNT layer [100] 
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Figure 2.27 SEM micrographs of the fracture surface of the ultralightweight 
CNTIPU foam composite with a density of 0.05 gcm·3. a) Low magnification (with 
some cell walls and cell struts therein indictaed by the arrows). b) 
High-magnification micrograph of the cross-section of the cell strut in Figure 
2.27a [127] 
eel Cel 
The cross sec110n !' 
or the ceU strut -... 
Cel! 
Idl 
Figure 2.28 Schematic diagram of the microstructural changes in the CNTIPU 
foam composites with the decrease of density. The thin black lines represent the 
CNTs and the wide lines represent the boundaries of the cells. The density 
decreases gradually from (a) to (d). The arrows in the cells show the growth 
directions of the air bubbles during foaming [127]. 
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2.5 Thermal conductivity of CNTs and CNT/polymer composites 
2.5.1 Thermal conductivity of CNTs 
The thermal properties of CNTs have been disclosed in many communications, 
which make CNTs become promising materials in thermal management. Mizel et 
al [128] measured the specific heat of MWCNTs and SWCNT ropes in a 
temperature range 1 < T < 200 K, respectively. The MWCNTs exhibits 
graphite· like specific heat due to their structural similarities. The SWCNT ropes 
show stronger temperature dependence and larger specific heat at low temperature 
than the MWCNTs and graphite. Yi et al [129] measured the specific heat.and 
thermal conductivity of millimetre· long aligned MWCNTs. It was found that the 
specific heat of a MWCNT linearly depends on temperature in a range of 10·300K, 
and the thermal conductivity of CVD·grown MWCNTs was found to be a function 
of T2 in a range of 4-300K. It was also mentioned that substantial amounts of 
defects in as·grown MWCNTs results in low value of the thermal conductivity in 
comparison with what is generally expected [130]. Hone et al [131] measured the 
specific heat of SWCNT ropes at low temperature down to 2 K. The experimental 
data at a temperature above 4K are in agreement with theoretical curve of 
individual SWCNT, but differ remarkably from the curves of graphene and 
graphite. This indicates the tube·tube coupling is relative weak. Hone et al [132] 
also reported that the thermal conductivity of SWCNT ropes smoothly decreases 
as temperature decreases from 350K to 8K. The thermal conductivity was found to 
be linearly dependent on the temperature below 30K. An energy·independent 
phonon mean free path of 0.5Ilm·1.5Ilm was calculated based on this linear 
relationship. Kim et al [133] used a micro fabricated suspended device to measure 
the thermal conductivity of individual MWCNT at room temperature. A value of 
more than 3000W /mK was obtained and almost one hundred times higher than that 
from previous work using macroscopic mat sample (-20W/mk [129], -35W/mK 
[132]). Berber et al [4] used molecular dynamics simulations to determine the 
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thermal conductivity of CNT at room temperature, which gave a value of -6600 
W /mK for isolated (l 0, 1 0) nanotube. 
2.5.2 Thermal condnctivity of CNT/polymer composites 
As mentioned above, CNTs are super thermal conductors according to their nearly 
perfect crystalline lattice structure and free length of path for phonon and electron 
transport. Due to their outstanding thermal conductivity, CNTs have been 
considered as potential candidates to improve the thermal conductivity of 
polymers and develop thermal management materials. At an early stage, 
researchers believed that the percolated CNT network in polymer matrix should 
facilitate the phonon transport as well as the electron transport. A simple model 
was proposed by Nan et al to predict the thermal conductivity of CNT-based 
composites [134]: 
where Ke is the thermal conductivity of composites; Km is the thermal conductivity 
of polymer matrix; KeNT is the intrinsic thermal conductivity of CNTs; f is the 
filler content. Theoretically, the thermal conductivity of CNT-based composites 
filled with 0.1 wt% MWCNTs can be six time higher than that of pure polymers. 
However, most published experimental results indicated poor performance of 
CNTs as the thermal conductors was not desirable in polymer matrix. Gojny et al 
[8] found that the thermal conductivity of MWCNT/epoxy composites is only 
slightly enhanced, and significantly lower than those estimated by the Nan et ai's 
model. They even discovered that the epoxy composites with chemical treated 
SWCNTs or with low SWCNT content exhibit lower thermal conductivity than 
neat epoxy. Xia et al [135] found that, with the incorporation of 1 wt% SWCNTs 
and MWCNTs, the thermal conductivity of PU was improved by -42% and -21 %, 
respectively. XU et al [136] reporteq a slight enhancement in the thermal 
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conductivity of poly(vinylidene fluoride) with the incorporation of SWCNTs up to 
50vol% SWCNTs. Yuen et al [137] reported that the thermal conductivity of 
poly(acrylate-co-vinyltriethoxysilane) was maximally improved by 87.5% with the 
incorporation ofO.99wt% MWCNTs. 
Phonon scattering at CNT-polymer interfaceshas has been considered as the 
bottleneck limiting the thermal transport in CNT/polymer nanocomposites [8][9]. 
Some researchers have made breakthroughs in reducing the interfacial phonon 
scattering, although these experimental results still fail to match with theoretical 
prediction. Haggenmueller et al [138] considered that the formation of crystallites 
at CNT-polymer interfaces could be a practical way to reduce the interfacial 
phonon scattering: They found that the thermal conductivity of low density 
polyethylene (LDPE) (0.26Wm/k) and high density polyethylene (HDPE) 
(0.5Wm/k) was improved to 1.8Wm/k and 3.5Wm/k, respectively, with 20vol% 
SWCNTs. Du et al [139] invented an infiltration method for preparing 
SWCNT/epoxy composites with highly improved thermal conductivity, which 
included four steps (Figure 2.29): (1) 1 wt%SWCNTIPMMA composite was 
prepared via hot coagulation method; (2) nitrogen gasification of 1 wt% 
SWCNTIPMMA (disc) was conducted in radiant gasification apparatus (nitrogen 
gasification was a thermal degradation process to convert the PMMA matrix to 
MMAmonomers leaving the composites in gas phase); (3) epoxy and curing agent 
were infiltrated into the residue of the SWCNTIPMMA composite (the residue left 
after nitrogen gasification was robust and freestanding nanotube framework with 
nanotube/nanotube junctions); and (4) Curing the epoxy in presence of the 
SWCNTs. The core of this method was the formation of the freestanding nanotube 
framework after nitrogen gasification. This freestanding nanotube framework 
formed a continuous nanotube-rich phase (Figure 2.30) in the epoxy matrix, 
which reduced nanotube/polymer/nanotube junctions and increase 
nanotube/nanotube junctions. It was considered that the nanotube/nanotube 
junctions could incur less phonon scattering than the nanotube/polymer/nanotube 
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junctions. A 220% improvement in the thermal conductivity of the epoxy was 
achieved with the incorporation of2.3wt% SWCNTs. 
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Figure 2.29 Schematic of the infiltration method [139] 
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Figure 2.30 (a) Optical and (b) SEM image of the SWCNT/epoxy composite 
fabricated by the infiltration method [139]. 
39 
Chapter 2 Literature Review 
Figure 2.31 The model of an ideal structure for thermal interface material (TIM) 
application. All the CNTs are aligned in the matrix and protrude out of the surfaces 
to form an ideal thermal conducting path from one surface to the other [27] 
Figure 2.32 SEM images of a CNT array and a CNT array composite. a) Side 
view of an aligned CNT array. The inset is a HRTEM image of a typical CNT 
showing eight graphite layers. b) Side view of the aligned CNT composite film, 
showing that the CNTs still remain in aligned in the composite. c) Tilted view (65°) 
of the aligned CNT composite film, showing most of the CNT tips protruding out 
of the surface. d) Top view of the aligned CNT array composite film after 
reactive-ion etching (RIE) treatments, showing almost all tips protruding out of the 
film surface [27] 
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Huang et al [27] designed a novel composite structure (Figure 2.31) for effectively 
reducing interfacial phonon scattering by using in-situ injection of polymers into 
the CNT arrays. SEM images (Figure 2.32) reveal the true face of the novel 
composite structure: I) all the CNTs are aligned in polymer matrix; 2) all the CNT 
tips are protruding out of the surface. To our best knowledge, this novel structure 
so far resulted in the highest improvement of thermal conductivity. It was found 
that an enhancement of 0.65 W/mK was obtained from the composites with an 
aligned CNT array (0.3wt%). At O.4vol% aligned CNTs, an increase of about 
120%, from 0.55 W/mK to 1.21 W/mK, was seen in thermal conductive elastomer 
S160. The thermal conductivity of the low-thermal-conductivity silicone elastomer 
was improved by about 280%, from 0.23 W/mK to 0.88 W/mK, with the 
incorporation of O.4vol% aligned CNTs. 
2.6 Mechanical Properties ofCNTs and eNT/polymer composites 
2.6.1 Mechanical properties of CNTs 
Since the discovery of CNT, it was predicted that CNTs have high stiffness and 
axial strength due to the covalent Sp2 bonding formed between individual carbon 
atoms. Much effort has been made to disclose the values of their mechanical 
properties. Treacy et al [2] valued the Young's modulus of individual MWCNT in 
a range of 0.41-4.15 TPa by measuring the amplitude of their intrinsic thermal 
vibration in transmission electron microscope. The experimental measurement of 
Young's modulus of isolated SWCNT gave an average value 1.25TPa obtained by 
observing their freestanding room temperature vibrations in transmission electron 
microscopy [140]. Poncharal et al [141] also took advantage of electromechanical 
resonant vibrations to measure Young's modulus of individual CNT in 
transmission electron microscope, by which the values were obtained in a range of 
0.7-1.3TPa. Wong et al [142] directly measured the mechanical properties of 
MWCNTs using atomic force microscopy (AFM). The average Young's modulus 
and bending strength was valued as 1.28TPa and 14GPa, respectively [143] . 
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2.6.2 Mechanical properties of CNT/polymer comoposites 
CNTs have been considered to be an ideal candidate for the mechanical 
reinforcement of polymers due to their extremely high Young's modulus of up to 
I TPa and tensile strength approaching 600Pa. In the development of ultra-strong 
CNT/polymer nanocomposites, two key issues need to be considered: (1) the 
uniform dispersion of CNTs in polymer matrix without aggregation and 
entanglement; and (2) the strong interfacial interaction between CNTs and polymer 
matrix. It is easy to make a conclusion from published literatures that tailoring the 
surface of CNTs by chemical modification is commonly considered to be effective 
way to meet these two requirements. Zhang et al [91] used nitric acid treated 
MWCNTs to reinforce polyamide 6 (PA6) by a simple melt-compounding. The 
defects such as carboxylic and hydroxyl groups existing on the nanotubes 
facilitated a homogenous dispersion of the nanotubes in the PA6 matrix (Figure 
2.33(A and B», and acted the role of anchoring sites forming the strong interfacial 
interaction with the PA6 matrix (Figure 2.33(C and D». In Figure 2.34(A), 
typical stress-strain curves show that the incorporation of 1 wt% MWCNTs 
increases tensile modulus and tensile strength nearly 115% and 120%, respectively. 
Figure 2.34(B) shows typical loading-holding-unloading curves obtained from 
nanoindentation, and it indicates that the increase of modulus and hardness reaches 
70% and 67%, respectively, with the incorporation of 1 wt% the MWCNT. Liu et al 
[144] reported on the significant reinforcement of PVA using functionalised 
SWCNTs. In this case, the hydroxyl groups on the SWCNTs were capable of 
de-aggregating the nanotubes in the PVA matrix, and enhancing the interfacial 
interaction with the nanotubes due to the formation of hydrogen bonding. At 0.62 
vol% nanotubes, the tensile modulus and tensile yield strength of the PVA was 
improved by 79% (from 2.4 OPa to 4.3 OPa) and 47% (from 73 MPa to 107 MPa), 
respectively. 
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Figure 2.33 A) SEM image showing an overall morphology of failure surface for 
PA-6 nanocomposite containing 0.5% MWCNTs. B) Enlarged morphology of 
selected region in (A). C) SEM image showing microcracks linked by stretched 
nanotubes and their bundles in PA-6 nanocomposites. D) Enlarged SEM image of 
the microcrack connected by MWCNTs sheathed with polymer in the 
nanocomposites. Some MWCNTs are sheathed by several small polymer beads 
[91] 
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Figure 2.34 (A) Typical stress-strain curves and (B) Typical loading-unloading 
curves for neat PA6 and its nanocomposite containing I wt% MWCNTs [91] 
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Hwang et al [77] discovered that the storage modulus of commercial PMMA is 
significantly enhanced by -29GPa (or by -1100%) at 20°C with the incorporation 
of 20wt% PMMA-grafted MWCNTs. The TEM images in Figure 2.35 show a 
strain failure of the MWCNTs takes place rather than an interfacial adhesion 
failure between the MWCNTs and PMMA matrix, which indicates that PMMA 
chains chemically attached to the MWCNTs strongly enhance the interfacial 
interaction between the MWCNTs and the PMMA matrix. Blond et al [145] placed 
their focus on reinforcement of PMMA by using small addition of PMMA-grafted 
CNTs. It revealed that the nanocomposites containing 0.1 vol% nanotubes 
exhibited a biggest increase in the Young's modulus, break strength, ultimate 
tensile strength and toughness of x 1.9, x4.7, x4.6 and x13.7, respectively. 
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Figure 2.35 TEM images of a MWCNT-containing PMMA thin film taken at 
different time: a) t=O, b) t=4, and c) t=10 min [145] 
Yang et al [93] reported on the strong reinforcement of poly ethylene (PE) using PE 
grafted CNTs (PE-g-CNTs). As shown in Figure 2.36, it can be obviously seen 
that pristine CNTs cannot compete with PE-g-CNTs in reinforcing the PE. The 
yield stress, tensile stress and Young's modulus of the PE is improved by 61 %, 
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33% and 75%, respectively, with the incorporation of 1.5wt% PE-g-CNTs. The 
counterparts with pristine CNTs exhibit unsatisfi ed reinforcing performance. The 
yield stress and Young's modulus both increase slightly, and the tensile strength 
even deteriorates (down by 17%). The more exciting thing is the improvement of 
ducti lity and toughness with the incorporation of the PE-g-CNTs, which is not 
common case in CNT/polymer nanocomposites. 
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Figure 2.36 Stress-stTain curves: a) PE/PE-g-MWCNTs composites; b) 
PE/MWCNTs composites [93] 
The formation of the chemical bonding is more effecti ve approach to engineer a 
strong interface between CNTs and polymer matrix. As introduced in the section 
of " fabrication" above, two types of ways are feas ible to form the chemical 
bonding, which include ( I) the reaction of the functional groups existing in CNTs 
and polymers; and (2) the copolymeri sation of CNTs and vinyl monomers via 
opening double bonds. Gao et al [12] fa bricated strong melt-spun PA6 fibres with 
the chemical integration of SWCNTs via the condensation reaction between 
carboxylic acid groups on the SWCNTs and the amino end groups in the PA6. The 
stress-strain curves in Figure 2.3 7 shows that a 127% increase in tensi le strength 
and a 170% increase in Young's modulus take place with the incorporation of 
1.5wt% SWCNTs into the PA6. Zhu et al [105] reported that the chemical 
integration of I wt% CNTs with carboxylic and fluorine groups into epoxy matrix 
via ring-open reactions resulted in a 30% increase in modulus and a 18% increase 
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in tensi le strength . Tseng et al [1 06] reported on much more significant 
reinforcement of epoxy using diamine curing agent (N Hz-R-NI-Iz) to chemicall y 
cOlmect maleic anh ydride (MA)-grafted CNTs (CNTs-MA) with epoxy matrix. As 
shown in Figure 2.38, the tensi le strength , the elongation-at-break and tensil e 
modulus of the epoxy increases about 50%, 350%, and 100%, respecti vely, with 
the incorporation of I wt% the CNTs-MA. Untreated-CNTs (u-CNTs) show poor 
reinforcing performance in the epoxy nanocomposite due to the poor di spersion 
and interfac ial interaction. lung et al [1 04] reported on the cross linking of 
isocyanate-tenninated polyurethane using CNTs with carboxylic groups. Tensil e 
strength and modulus is improved by about 300% and 130%, respecti vely, with the 
incorporation of 4wt% nanotubes into the polyurethane. The typical example fo r 
the second approach was the in si tu polymerisation of MMA in presence of C Ts 
[l OI]. The incorporation of 5wt% CNTs improved the tensil e strength and 
Figure 2.37 Stress-strain profil es of nylon 6-SWCNT composite fi bres at diffe rent 
SWCNT loadings. The curves are labeled with the percentage of SWCNTs in the 
polymer matri x [1 2]. 
Coleman and co-workers [1 4] [1 46] [1 47] made significant contri bution to work out 
non-covalent interface between CNTs and crystalline polymers For effi cient load 
transfer. They Found that the crystall ites nucleated by C Ts can act as a strong and 
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non-covalent interface for load transfer. Several articl es have been publi shed to 
disclose thei r viewpoints. Cadek [ 147] fo und that Young's modulus and hardness 
increased by factors of 1.8 and 1.6 at I wt% MWCNTs in PVA and 2.8 and 2.0 at 
8wt% MWCNTs in poly(9-vinyl carbazo le) (PVK). DSC results revealed that the 
PVK nanocomposites were tota ll y amorphous, and the crysta llin ity of the PVA 
increased sharply to 24% with very small addition of the MWCNTs before rising 
to 27% as the MWCNTs content increased to I wt%. The TEM image in Figure 
2.39 was taken from a torn PVA fi lm by concentrated electro n beam, which shows 
that thi s tube is coated with a thin layer of crystall ine po lymer. Therefore, they 
drew a conclusion that a shell of crystalline layer around the CNTs was the trigger 
for the efficient load transfer between the CNTs and the PVA matri x. 
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Figure 2.38 Effect of the CNT content on the (a) tensile strength, (b) 
e1ongation-at-breaks, and (c) tensile moduli of the CNTs/epoxy nanocomposites 
[106] 
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(a) (b) 
Figure 2.39 TEM image of the MWC Ts pu lled out from PVA [147] 
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Figure 2.40 DSC curves (on the left) for PVA-based composites as a function of 
nano tube volume fracti on (Note the area under the melt peak( 16D-2 1 D°C) increase 
with nanotube content) an d graph of crysta lli nity (o n the ri ght) as ca lculated from 
the DSC melt curves versus volume fraction for PVA-based composite samples 
[14]. 
Later, Coleman et a l [14] s tudi ed the sam e trans fer mechani sm based on o ther two 
types of po lymer m atri x: polyvinyl alcohol (PVA) and chlorinated polypropylene 
(Cl-PP). As seen in Figure 2.40(right) , the crysta llinity of PVA-based 
nanocompos ites linearl y increases with the vo lume fracti on of the CNTs, 
indicating the existence of PVA crystalline layers around the C Ts. An equation 
was proposed to ca lcu la te the thickness of the crysta lline layer based on the 
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assumption of a cylindrical geometry fo r the nanotube-nucleated layer: 
where X is the c rystallinity; N is the number of the nanotubes in the film ; Vo is the 
volume of crystalline regions not associated with the nanotubes; R is the average 
nanotube rad ius (7 .5±2.5nm); b is the average thickness of the crysta lline layer; 1Nl• 
is the nanotube length; and V is the film volume. By fitt ing the crystallinity data 
fro m Figure 2.40(left) into the equation, b was valued as 2 1± 7nm, which was in 
agreement with the rough value d irectly obtained from the SEM images of the 
PVA nanocompos ite. Fro m the stress-strain curves in Figure 2.41(left), it can be 
seen that the Young's modulus, tensil e strength and toughness of the PVA-based 
nanocompos ite containing O.6vol% nanotube presents to be 3. 7, 1,3 and 1.7 times 
higher than the PVA, respecti vely. Regard ing chlorinated po lypropylene (Cl-PP) 
nanocompos ites, a satisfi ed di spersion of the CNTs in the Cl-PP matrix was 
achieved with the help of the covalent attachment of Cl-PP chains to the surface to 
the CNTs. 0 increase in the crystall ini ty of the Cl-PP nanocomposites was fo und 
in compari son with the PVA nanocompos ites. The coating layer around nanotu bes 
( 16±7Ilm) composed of Cl-PP chai ns played a sim ilar role to the crystalline 
coating for load transfer. There was no mention that why crysta lline Cl-PP fa iled to 
form the crystalline coating around the CNTs. A significant improvement of 
mechanica l properties is presented in Figure 2.4] (right). It has to po int out that 
Coleman and co-workers onl y discovered the crystalline coating around C Ts 
available fo r effecti ve load transfer in the case of semi-crysta lline PVA. 
Xia e t al [73][135] reported on the mechanica l rein fo rcement of polyurethane (PU) 
materi als using CNTs. This is a case that could support Coleman el ai 's discovery. 
Polyether-based PU (amorphous) and polycaprolactone-based PU (semi-crystalline) 
were both used as polymer matri x in the ir research work. The mechanical 
reinforcement of the amorphous PU was not impress ive. e.g. the modulus at 50% 
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strain was only improved by - 38%, with the incorporation of2wt% MWCNTs. In 
terms of the semi-crystalline PU, the Young's modulus was improved by nearl y 
278% wi th the incorporation of O.7wt% PU grafted SWCNTs. Similar to 
Coleman's di scovery, DSC results revealed that the crysta llinity of the PU 
increased with the incorporation of the SWCNT. However, the role of crysta llites 
around the SWCNTs in the load transfer was not highlighted by the authors. They 
considered that the effective load transfer was mainly att ributed to PU chains 
covalently attached to the SWCNTs. To date, there are not many literatures 
covering the stud y of non-covalent interface . But the formation of the crystalline 
layer around CNTs could be a promising way to engineer non-covalent interface 
fo r effective load transfer between CNTs and polymers. 
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Figure 2.41 Representati ve stress-strain curves for PVA-based composites (l eft) 
and Cl-PP compos ites (ri ght) for a range of nanotube vo lume fTacti ons (1 4) 
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2.7 Conclusions 
Since the first report of the C T/polymer composi tes by Ajain [26) in 1994, a 
large amount of research work has gone for the understanding of their 
structure-property relationship. This part rev iewed the recent advances in thi s field . 
Currentl y, the high cost of CNTs is commonl y considered as the barrier for the 
commercial application of the C T/polymer composites. Developping simple and 
practical engineering approaches to fabr icate high performance CNT/polymer 
composites using small amount of CNT is a challenge faced by researchers to push 
lab teciUlo logies over to real wold. This thesis will address our efforts and 
contri bution for dealing with this challenge. 
51 
Chapter 3 £l:perimellla/ 
Chapter 3 Expcrimental 
3.1 Materials 
MWCNTs and MWCNTs-O f-i (3-5wt% hydroxyl groups) with a di ameter between 
8-15 nm and a length of - 50,lm were purchased from Chengdu Institute of 
Organic Chemistry, Chinese Academy of Sciences. Expandable graphite (EG) was 
purchased from Chinese Qingdao Graphite Company. All materi als used for the 
ox idation of EG, such as f-i2S0 4, f:lNO], HCI, KM n0 4, 30% H20 2 so lution and 
BaCh, were purchased from Fisher Ltd (U K) . Po lyether polyol-6000 (molecular 
weight: 6000; functionality: 3) and polyether polyo l-4000 (molecular we ight : 4000; 
functionality: 2), abbreviated as PPG-6000 and PPG-4000, respectively, were 
supplied by Elastogran UK, Ltd. Polycaprolactone (PCL, CAPA 2205) wi th a 
molecular weight of - 2000 and polycaprolactone (PCL, CAPA 6800) with a 
molecular weight of - 80000 were both Solvay products, which were kindl y 
provided by Brian l ones & Associates Ltd, UK. 4,4-Methylenebis (phenyl 
isocyanate) (MOl) was kindly provided by Hyperlast Ltd. Sodium dodecyl 
sulphate (SOS, Aldrich), IA-butanediol (BOO, Aldrich), a,a-dimethylol propionic 
acid (OMPA, Aldrich), dibuty ltin dilaurate (DBTL, Aldrich), triethyl am ine (TEA, 
Aldrich), acetone, N-methyl-2-pyrrolidone (N MP, Aldrich) and N, 
N-dimethyl formamide (DMF, Aldrich) were used without further purification. Two 
grades of ultra high molecular weight polyethylene (HMWPE) powders (60l1m 
and 100,U11) were synthes ised by Sanjay Rastogi's research group. 
3.2 Sample prcparation 
3.2.1 Preparation of polycthcr-based PU dispcrsions 
Polyether polyo l was vacuumed at 100·C for about 3 hour to remove minimal 
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water before use. DMPA solution (in MP 30%) was achieved before use. The PU 
dispersion was prepared using the "acetone method" (148). The formulation 
detai ls fo r the preparation of the PU di spersion was shown as fo llowed: 
NCOIOH=0.96; Carboxylic group content (wt%) = 1. 7%; Neutra li sation 
degree= IOO%; Hard segment content = 30%. The synthes is was carried out in a 
500-ml four-neck round-bottom fl ask equipped with mechanical stirrer, a 
thermometer and a nitrogen gas inlet. Reaction temperature was contro lled by 
heal ing mantle connected with temperature contro ller. Po lyether po lyo l was added 
into fl ask, and heated to 55-60°C. Afterward, MDI with certain amount was poured 
into the fl ask and mixed with polyether polyo l for 5 minutes, and then the mixture 
was slowly heated to 80°C. After I hour, DMPA solution and 1.4-Butanediol was 
added into the mixture, followed by adding 0.5% DBT and 10% acetone (based on 
the total weight of a ll reaction monomers). The reaction was kept under 75°C fo r 
another 3 hours until the stretching band of NCO group (2270cm·1) di sappeared in 
FTIR spectra. A fter obtaining homogeneous PU solution, the reaction temperature 
was cooled down to 55°C. Neutrali sat ion was perfo rmed at 50°C after addition of 
TEA and another 10% acto ne fo r 30minutes, then water was added dro pwise to the 
PU for 15 min at 50°C. The stirring was continued fo r further 30min. After 
removal of acetone, the PU di spersion with about 30% solid content was obtained. 
3.2.2 Preparation of PCL-based PU dispersions 
PCL was vacuumed at 100°C for about 3 hour to remove minimal water be fore use. 
DMPA solution (in NMP 30%) was achieved before use. The synthes is was 
carri ed out in a 500-ml fo ur-neck round-bo ttom fl ask equipped wi th mechanical 
stirrer (half-moon type), a thermometer and a nitrogen gas inlet. Reaction 
temperature was contro lled by heating mantle connected with temperature 
controller. 30g PCL was added into fl ask, and heated to 55-60°C. Afterward, 7.3g 
MDI with certain amount was poured into the fl ask and mixed with PCL for 5 
minutes, and then the mixture was slowly heated to 80°C. After I hour, 6.7g 
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DMPAlNMP solution was added into the mixture, fo llowed by adding 0.5% DBT 
and 10% acetone (based on the total weight of all reaction monomers) . The 
reaction was kept under 75°C for another 3 hours until the stretching band of NCO 
group (2270cm' i ) di sappeared in FTIR spectra. After obtaining homogeneous PU 
solution, the reaction temperature was cooled down to 55°C. Neutrali sation was 
performed at 50°C a fter addition of TEA and another 10% acto ne for 30minutes, 
then water was added dropwise to the PU solution fo r 15 min at 50°C. The stirring 
was cont inued for further 30min . After removal of acetone, the PCL-based PU 
dispers ion with milky appearance and about 30% solid content was obtained. 
3.2.3 Preparation of MWC T/PU compos ites by a colloidal phys ics method 
The mixture of 0.468g SDS and as-received 0.468g MWCNTs in 30 ml water 
firstly was treated by ultrasound with a power of 300 W for 30 minutes at room 
temperature. Then, the po lyther-based PU di spersion was mixed with the 
MWCNT/SDS di spersion for one hour. Afte r removing the bubble by vacuum, the 
MWC T/PCL-based PU dispersion was cast on a po lytetrafluoroethylene (PTEF) 
substrate and kept fo r 12 days at room temperature, and then vacuumed for another 
5 days at room temperature. The MWCNT/ PCL-based PU compos ites were also 
prepared fo llowing thi s method. 
3.2.4 Preparation of MWCNT-OH/UHMWPE composites by a coating 
method 
The MWCNTs-OH were firstl y di spersed in DMF using ultrasonication, then were 
mixed with the amount of UHMWPE powders in DMf at a certain temperature for 
few minutes. Fina ll y, the powdery C T/UFIMWPE composite was obtained after 
drying off the so lvent. The powdery sam ple was processed to sheets using 
compress ion moulding with a pressure of 10 tons at a temperature of 150°C for 
5min, then cooled at a pressure of 5 tons for 3 min with the circulation of tap 
water. 
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3.2.5 Preparation of MWCNT-OHIPCL composites by a solution method 
The mixture of 10mg MWCNT-OH and 4g DMF was subjected to strong 
ultrasonic treatment (Fisher Scientific Sonic Dismembrator Model 500, 300w) for 
I hour at room temperature. The MWCNT-OHIPCL composites were prepared by 
drying the mixture ofPCL and MWCNT-OH in DMF at 80 °C for two weeks. The 
sheet samples were made using a compression moulding for tensile testing. The 
thermal treatment of the samples was also conducted in the compression moulding, 
which was described as followed: the bulk sample was melted at 80°C, then 
slowly cooled to a certain temperature by air for 3 hours in which the isothermal 
crystallisation was completed. 
3.2.6 Preparation of exfoliated graphite oxide nanoplatelets (GONPs) in DMF 
The oxidation of EG was conducted following the procedure mentioned in 
reference [149]. 2.5g EG was mixed with 57.5 ml concentrated H2S04 in ice bath 
(O°C) for half an hour. 7.5g KMn04 was slowly added into the mixture in order to 
keep the temperature of the mixture not exceeding 20°C. The mixture was then 
heated to 35±3°C and kept stirring for 30min. Dropwise addition of 115ml distilled 
water caused the temperature increase to 98°C. The reaction was kept at this 
temperature for 15min. Finally, the oxidation reaction was terminated by the 
addition of 350ml distilled water and 25ml 30% H20 2 solution. Collection of the 
EGO by filtering and successive washing with 5% HCl aqueous solution was 
repeated by three times until there was no sulphate detected by BaCh solution. The 
EGO was dried at 50°C under vacuum for one week. The exfoliation of 100mg 
EGO in 109 DMF was conducted using ultrasonication with a power of 300W for 
I hour at room temperature to obtain stable GONPIDMF dispersion. 
3.2.7 Preparation of GONP/PCL composites 
The GONPIPCL composites were prepared using solution method. Amount of 
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PCL pellets were melted and mixed with the GONPIDMF dispersion at 8SoC for 2 
hours by using mechanical stirring (SOOrad/min). The proportion of the FGSs to 
PCL is designed to 0, 0.1 wt%, O.Swt%, 1 wt% and 2wt%, respectively. The solid 
GONPIPCL composites were obtained after drying the GONPIPCLlDMF 
dispersion at 70°C for three days. The solid samples were vacuumed for another 
four days at 70°C to remove minimal DMF. 
3.2.8 Preparation of GONP/PU composites 
6g PPG-4000, I.Sg PPG-6000, 0.8g BDO, 3.89 MD! and O.1lg DBTL (catalyst) 
were stirred in DMF at 60°C for 24 hours in a four-necked flask protected by N2, 
by which PUIDMF solution was finally obtained with 40wt% solid content. 
Afterward, the calculated amount of the GONPIDMF dispersion was mixed with 
the PUIDMF solution at 80°C for another 1 hours. The two-week drying at SO°C 
was the last step for the preparation of the GONPIPU composites. The solid 
samples were vacuumed for another two days at SO°C to remove minimal DMF. 
3.3 Characterisation 
3.3.1 Fourier transform infrared (FTIR) spectroscopy 
FTIR spectroscopy is widely used to investigate the chemical structure of a 
material by measuring the frequencies of molecules in the material [ISO]. As 
infrared radiation goes through the material, some of the infrared radiation is 
absorbed by the material and some of it is transmitted through the material. It is 
due to the specific frequencies of molecules that rotate or vibrate corresponding to 
discrete energy levels (vibrational mode). These frequencies that are unique for 
different molecules can help identify the complex functional groups in the 
material. 
FTIR spectra were recorded on Mattson 3000 FTIR spectrometer using 
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transmission mode with a 4 cm- l resolution over 120 scans_ Thin films of PPG and 
its derative PU were prepared on the KBr pellets_ MWCNT and MWCNT-OH 
powders are ground with KBr powders and pressed into thin films_ For the 
GONPIPU composites, FTIR spectra were recorded on a SHIMADZU 
FTIR-S400s spectrophotometer using ATR mode with a 4cm- l resolution over 120 
scans_ 
3.3.2 Raman spectroscopy 
Raman spectroscopy is a technique to investigate the vibrational frequencies of 
molecules and provides spectroscopic fingerprints for uniquely identifying a 
material [151]_ The principle of Raman spectroscopy is based on inelastic 
scattering of monochromatic light from a laser source after interacting with the 
material. Photons of the laser light are absorbed by the material and then reemitted. 
The vibrational frequencies of molecules can be determined by the change in the 
frequency of the reemitted photons in comparison with original monochromatic 
frequency. In FTIR spectroscopy, the vibrational frequencies of molecules are 
determined by the frequencies of infrared photons that are absorbed by a vibrating 
molecule_ This is the difference between two spectroscopic techniques_ 
In chapter 4, Raman spectra of MWCNTs and MWCNTs-OH were recorded by 
scanning the 20-3000 cm- l region with a total acquisition time of 3 min on a Jobin 
Yvon Horiba high-resolution LabRam SOO Raman microscope system equipped 
with an optical microscope adapted to a double grating spectrograph and a CCD 
array detect. The laser excitation was provided by a Spectra-Physics model 127 
helium-neon laser operating at 35 mW of 633 nm output. The laser power at the 
sample was -S m W and was focused to - 10 !lm- Calibration was carried out using 
the 520.5 cm- l line of a silicon wafer. A spectra resolution of -1 cm- l was used. 
There was no specific requirement for sample preparation. Sample could be 
scanned at glass substrate directly. 
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3.3.3 Scanning electron microscopy (SEM) 
As a type of electron microscopy, SEM is generally used to image a sample 
surface by scanning it with a high-energy electron beam emitted from an electron 
gun fitted with a filament cathode. The interaction between the electron beam and 
the atoms of the sample generates a variety of singals containing the information 
about the topography of the sample surface. The singals produced by SEM include 
secondary electrons, back-scattered electrons, characteristic X-rays, light, heat and 
transmitted electrons (beam electrons that pass through the sample). As the most 
common imaging mode, the low energy secondary electrons are generated within a 
few nanometres from the surface of the specimen by the inelastic scattering 
interactions between the specimen atoms and beam electrons. Secondary electrons 
are normally used to show morphology and topography of the specimen. 
Back -scattered electrons are high-energy electrons elastically scattered from the 
specimen after electron beams interact with specimen atoms. The back-scattered 
electrons are generally used to detect the contrast between the areas with different 
chemical compositions in a multiphase material due to stronger backscattering of 
electrons by heavy elements (high atomic number) than light elements (Iow atomic 
number) [152]. In this project, SEM images were taken on field emission gun 
scanning electron microscopy (FEGSEM) (LEO 1530VP instrument). The 
composites were fractured in liquid nitrogen. The samples with fracture surfaces 
on the top were placed on specimen holder using. double-sided carbon conductive 
tape. No gold coating was used for fracture surfaces. The UHMWPE powders 
coated with the MWCNTs-OH were placed on the specimen holder for direct 
observation. 
3.3.4 Transmission electron microscopy (TEM) 
TEM is an electron-optical microscopy that produces an image of the sample as an 
electron beam is transmitted through an ultra thin specimen, which has a 
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significantly higher resolution than light microscopy due to the small de Broglie 
wavelength of electrons. Basically, TEM image contrast is generated from the 
absorption of electrons in materials with the difference in the thickness and 
composition [153]. In this project, TEM analysis was conducted using a JEOL 
2100 FX instrument. The MWCNT/water, MWCNT-OHIDMF and GONPIDMF 
dispersions were dropped on copper grid for TEM imaging directly. 
3.3.5 Differential scanning calorimetry (DSC) 
DSC is a thermoanalytical technique that measures the energy compensating for 
substance to establish a nearly zero temperature difference between a substance 
and an inert reference, as the two specimens undergo identical thermal history 
(heating or cooling) [154]. The application of DSC was mainly placed on the 
detection of phase transitions in a sample during the change of thermal 
environment by observing the difference in heat flow between the sample and 
reference. For instance, as a solid sample melts to a liquid more heat flowing to the 
sample is needed to increase its temperature at the same rate as the reference 
(endothermic process). For crystallsation of a sample (exothermic process), 
releasing heat is needed to keep the zero difference between the sample and 
reference. A curve of heat flow versus temperature or time is the typical result of a 
DSC experiment. The information provided by the DSC cuvre such as heat of 
fusion, crystallisation and melting temperature, as well as glass transition 
temperatures can be used to investigate the physical or chemical properties of the 
sample. MDSC is also a thermoanalytical technique to provide the qualitative and 
quantitative information about physical and chemical changes within a material by 
measuring the difference in heat flow between a sample and a reference under 
controlled heating or cooling process. 
In chapter 5, DSC analysis was conducted on a TA Instrument DSC 2920' 
calorimeter to characterise the MWCNTIPCL-based PU composites. The samples 
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were heated from -10°C to 70°C at a heating rate of 10°C/min. All samples were 
prepared at same time and kept at room temperature for one month, by which all 
samples underwent some thermal history. In chapter 6 and 7, non-isothermal 
crystallisation and isothermal crystallisation of MWCNT-OHIPCL and 
GONP/PCL composites were performed using a TA Instrument DSC 2920 
calorimeter. For the non-isothermal crystallization, the samples were melted at 
80°C for 5min to ensure the complete removal of pre-existing crystals. Afterward, 
the melted samples were cooled to -20°C at a rate of IO°C/min and heated to 80°C 
at a rate of IO°C/min again. For the isothermal crystallization, the samples were 
melted at 80°C for 5min and quenched to the certain temperature for a period of 
time when the isothermal crystallisation was completed. The non-variation of heat 
flow signal was used to judge the completion of the isothermal crystallization. In 
chapter 7, DSC analysis of the GONPIPU composites was conducted on a TA 
Instrument 2920 modulated differential scaning calorimeter with a heating rate of 
4°C/min. The amplitude and period of oscillation was 1°C and 60s, respectively. 
3.3.6 Dynamic mechanical analysis (DMA) 
DMA is a useful technique to characterise the viscoelastic property of polymers 
[155]. As an oscillating force is applied to a sample, the resulting displacement of 
the sample is measured. By measuring the deformation of the sample under the 
external force, the modulus of the sample (stiffness) can be determined. Besides, 
damping property of the sample can be measured according to the time lag in the 
displacement in comparison with the external force. The damping proprerty 
reflects the viscous property (internal friction) of the solid sample. In chapter 7, 
DMA was performed on a TA Dynamic Mechanical Thermal Analyzer Q800. The 
GONPIPU composites were scanned from -100°C to 50°C at a heating rate of 
3°C/min. The amplitude and frequency of dynamic oscillatory loading was 100J.lm 
and 10 Hz, respectively. 
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3.3.7 Optical microscopy (OM) and polarised optical microscopy (POM) 
OM is a type of microscopy that magnifies the image of a sample using visible 
light and a system of lenses. POM is a type of optical microscope which can 
magnify the images of polymer crystallites using polarised light and a system of 
lenses. In POM, polarised light is created using a Polaroid filter that is capable of 
allowing one-plane vibration of an electromagnetic wave go to polymer crystallites. 
Spherulites are the basic morphology for most polymer crystallites formed from 
polymer melts or solutions. After the formation of nucleus, the growth of polymer 
crystallites prefers to occur in one direction conventionally called b-axis. The 
growth in other two axes (c- and a- axes) presents the same speed. The c- and a-
axes can be free to rotate provided that they are orthogonal to the b-axis. 
According to this growth way, polymer crystallites grow in helical strands 
radiating from the nucleus, allowing the formation of the spherulites. Polymer 
crystallites are highly anisotropic in electron density because they have strong 
Figure 3.1 Ringed poly-3-hydroxy butyrate spherulites (Micrographe NO. 601, 
Micrograph Library, DoITPoMS, Department of Materials Science and Metallurgy, 
University of Cambridge) 
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covalent bonds along the macromolecular chain axes, whereas laterally Van der 
Waals or hydrogen bonds drive the cohesion of the crystallites. This anisotropy 
leads to the birefringence of spherulites. This is why the POM image of spherulites 
presents a cross-like extinction classically named "Maltese Cross" as spherulites 
are observed between crossed polarisers. Figure 3.1 specifically reveals another 
type of spherulites with periodic extinction pattern (radial banding), which are 
called "ringed (or banded) spherulites". The periodic extinction of ringed 
spherulites is commonly considered to be resulted from lamellar twisting along the 
radial direction during crystal growth, which takes place when the direction of 
rotative optic axis (molecular chains) are parallel to the polarised axes. 
In chapter 4, the PU and the MWCNT (Swt%)IPU dispersion was diluted to a 
concentration of 3wt% and dropped on the polished glass substrate, respectively. 
After drying at 30°C for one week, both of them were observed using a Leica 
DMLM OM equipped with a Leica DFC350FX digital camera. Images were taken 
in both transmitted and reflected modes. In chapter 5, POM observation of the 
spherulites was conducted in a Leica DMLM OM equipped with a Leica 
DFC350FX digital camera. The MWCNTIPCL-based PU dispersions were 
dropped on polished glass substrates and kept at room temperature for one month 
before observation. In chapter 6 and 7, POM observation of the crystals grown 
during the isothermal crystallisation was conducted by Leica DMLM OM 
equipped with a Leica DFC350FX digital camera and hot stage. The hot stage was 
used for the control of the thermal treatments. 
3.3.8 X-Ray photoelectron spectroscopy (XPS) 
XPS is a spectroscopic technique that can quantitatively measure the elemental 
composition of the surface within a depth of 1-1 Onm, empirical formula of a pure 
material, chemical and electronic state of the element in the surface. As a sample is 
irradiated with a beam of X-rays, the kinetic energy (EK) and number of electrons 
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excaping from the top I to 10nm of the material will be experimentally measured. 
The binding energy of the electron (Ea) is specifically used to identify the electron, 
which is with relation to its parent element and atomic energy level. The EB of the 
emitted electrons can be determined by the equation as follows [156]: 
EB = Ephoto, - EK - W (3) 
where Ephoton is the photon energy and W is the spectrometer work function. 
In chapter 7, XPS analysis of EG and GO powders was performed on a VG 
ESCALAB 5 (VG Scientific Ltd., England) under 10.7 Torr vacuum with a AIKa 
X-Ray source using power of200 W. 
3.3.9 Wide angle X-ray diffraction (WXRD) 
X-rays are electromagnetic radiation with short wavelength in range of 10.6 to 
10.10 cm. When X-ray photons interact with electrons in atoms, some photons from 
the radiation will be deflected away from their orginal track. If x-ray photons do 
not lose any enery, the process is called elastic scattering. If some energy of X-ray 
photons is transferred into the electrons, these scattered x-ray photons will have 
different wavelength from orginal photons. Interference can take place among 
deflected waves and result in the distribution of intensity. When electromagnetic 
radiation interacts with the atoms arranged in a periodic stucture (crystals), 
diffraction will take place and result in sharp interference peaks in diffraction 
patterns. The crystal structures of materials can be determined by measuring the 
diffraction patterns. According to Bragg equation, the distance between crystal 
planes relates to the angles of incoming X-ray beams [157]. The diffraction can be 
observed at some specific angles in a XRD spectrum, which provides the 
information of the crystalline sturcture in the material. 
In chapter 7, XRD analysis was performed using a PhiJip-X' Pert X-ray 
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diffractometer (anode 40kV, filament current 35 mA) with Nickel-filtered CuKa. 
()"=0.1542 nm) radiation at a scan speed oflo/min. 
3.3.10 Measurement of the viscosity of the MWCNTIPU dispersions 
The viscosity of the MWCNTIPU dispersions was measured by a Haake VT500 
rheometer equipped with a Haake K20 circulator at 20°C. The shear rate varied 
from 27.05 s·' to 2702 s·'. 
3.3.11 Measurement of the electrical conductivity using a two-probe method 
The electrical conductivity was measured by a digital four-point probe multimeter 
at room temperature. The contact resistance between electrodes and samples was 
eliminated by silver coating on the surface of the samples. 
3.3.12 Measurement of the thermal conductivity using a DSC method 
Thennal conductivity was detennined by a differential scanning calorimetry (DSC) 
method (158]. The measurement was conducted on a TA Instrument 2920 DSC 
calorimeter. Five samples were tested for each composite to obtain an average 
vaule. Figure 3.1 shows the typical setup of thennal conductivity measurement. 
The details of measurement are described as followed: pure gallium with melting 
temperature 29.8 °C was used. The cylindrical sample with a height of -lmm was 
punched from the PU composites, and its circular end surfaces were coated with 
heat transfer oil. The cylindrical sample was placed in the middle of DSC sensor 
and an uncovered aluminum crucible containing gallium (about 80 mg). An empty 
aluminum crucible without a lid was used as the reference. The gallium was heated 
from -20°C to 35°C with the heating rate of 10 °C (min to obtain a melting curve. 
As mentioned in the mechanism of heat conduction, the relationship between the 
rate of heat flow (<1» and thennal conductivity ()..) can be defined by the equation: 
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t.T 
<p =AA-(4) 
h 
For a cylindrical sample with a diameter of D, the cross-sectional area, A, is equal 
to nD2/4, and h is the height of a material body. The thermal resistance, Rs, relates 
to the material-dependent thermal conductivity and the geometry of the body: 
Considering the thermal resistance (RT) at the sensor-sample and sample-crucible 
interface, the equation (4) can be rewritten as 
Pure metal (gallium) l Tm J 
[:::i'.;::"J h l J Sample 
DSC Sensor 
<P 
T, Tr 
Figure 3.2 Schematic diagram of the sample arrangement on the DSC sensor. his 
the height of the sample cylinder; <I> is the heat flow that flows from the sensor 
into the sample; T m is the temperature of the metal melt, Ts is sensor temperature 
under sample; Tr is the temperature of the reference sample. The reference crucible 
is empty without a lid. A crucible containing the pure metal is placed on the top of 
the sample. The spaces between the crucible-sample and sample-sensor interfaces 
are filled with heat transfer oil (straight line). 
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In this measurement, RT can be neglected because heat transfer oil is used to fill 
the interfacial spaces. Therefore, A can be determined by the single melting curve 
of the gallium according to the equation (4). LlT is the difference between the 
temperature Ts at a time t and the onset temperature of melting Tonset. The 
corresponding heat flow <11 is the difference between the heat flow at the same time 
<11 <11-<11 
t and the heat flow at Tonset. Referring AT =' onse' that is regarded as the 
Ll Tt - Tonset 
slope of the linear side of the melting curve, the value on is finally obtained. 
3.3.13 Tensile testing 
Tensile stress-strain testing is a typical method to determine the mechanical 
properties of solid polymeric materials [159]. As the sample is subjected to the 
deformation at a constant extension rate, the tensile force is measured as a function 
of deformation. The specimen was cut into a dumb-bell shape by a die punch 
cutter with following dimensions: overall length: 7Smm, width of ends: 12.Smm, 
length of narrow portion: 2Smm, width of narrow portion: 3.8mm. 
In this project, tensile tests were carried out using a Hounsfield test machine. Five 
specimens were tested to obtain average values. The extension rate was 50 
mmlmin for the MWCNT-OHIPCL and GONPIPCL composites, and was 500 
mmlmin for the GONPIPU composites 
3.3.14 Nanoindentation 
N anoindentation is a technique to measure the mechanical properties of materals at 
smaller length and load scales than other testing method. This testing method uses 
a rigid indenter, typically with diamond or diamond-coated tips, to apply external 
force to the materials [160]. The typcial result of nanoindentation experiment is a 
curve reflecting the quantitative relationship of external force versus displacement, 
which can determine the elestic modulus and hardness of the materials [161]. 
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Nanoindentation experiments were performed using a Nano Test™ (Micro 
Materials, UK) equipped with a Berkovich (three sided pyramidal) diamond 
indenter tip at room temperature. The maximum load and initial load placed on the 
indenter tip was 2.5mN and O.1SmN, respectively. The loading and unloading rate 
of indenting was O.OSmN/s. The holding time at maximum load was 180s. 
Nano-scratch test was conducted using a Nano Test™ (MicroMaterial, UK) 
equipped with RockweII indenter tip at room temperature. The scratch load and 
length was O.OSmN/s and 1001lm, respectively. Two scratch rates used were 31lmls 
and 5llmls. The square shaped samples with a thickness of -lmm were used both 
for nanoindentation and nano-scratch tests. 
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Chapter 4 Preparation and characterisation of semi-conductive carbon 
nanotube/polymer composites with low percolation threshold 
4.1 Introduction 
Carbon nanotubes (CNTs) have been considered as an ideal nanofillers to fabricate 
the semi-conductive polymer composites due to their highly intrinsic electrical 
conductivity and high aspect ratio [162]. The electrical conductivity of polymer 
composites simply relies on the conductive pathway formed by a sufficient amount 
of conductive nanofillers in polymer matrix. Percolation threshold is usually used 
to mathematically describe the critical insulator-to-conductive transitions in the 
composites. The high incorporation of the nanofillers significantly affects the 
mechanical properties of polymers, specifically toughness and ductility, and also 
increases the cost of composite products. Therefore, how to achieve minimum 
percolation threshold is a core challenge in this research field. Recently, the 
cellular structure of CNTs in polymer matrix has been considered as an ideal 
microstructure to achieve the lowest percolation threshold. The core idea in 
designing so-called cellular structure is to limit the free space for the location of 
CNTs in polymer matrix. Polymer latex is considered as a natural host to form the 
cellular structure because the boundary area between the latex particles is the only 
place for the settlement of CNTs. A colloidal physics method is designed for 
polymer latex to accommodate CNTs [6][7]. However, the choice of polymer latex 
or emulsion is limited. Long-time drying is another weakness of this method. Very 
recently, the cellular structure of CNTs has been uniquely designed based on 
polymer pellets [100]. The core issue in this technology is how to coat CNTs onto 
the surface of the pellets. Under static compression moulding, CNTs are locked in 
the boundary area among the pellets to form the cellular structure of CNTs can be 
formed through the boundary area among the pellets. 
PU dispersions are well -known latex products, which have been widely used in 
many industrial fields such as adhesives and coatings [148]. PU is a typical 
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segmented polymer containing alternative soft segments (polyol) and hard 
segments (isocyanate). The hydrophilic segments chemically incorporated into PU 
chains allow the stabilization of PU latex in water [148]. The PU dispersions are 
very versatile latex products with demanding properties due to the flexible choice 
of soft and hard segments. In this chapter, we explored the application of the 
colloidal physics method in the PU dispersions and understood the effect of CNTs 
on the rheological behaviour, film formation and electrical conductivity. As 
another aspect of this chapter, we developed a novel technology to coat CNTs onto 
the surface of polymer powders. We believe, with this coating technology, the 
"cellular structure" idea can be extended from polymer latex and emulsions to 
most general polymers such as PP, PE, PVC, PA, and etc. 
4.2 Results and discussion (Part A): MWCNTIPU composites 
4.2.1 FTIR characterisation of PPG and it derivated PU 
b 
a:PPG 
b:PU 
3310 cm-1 
4000 3500 3000 2500 2000 1500 1000 500 
Wavenumber(cm") 
Figure 4.1 FTIR spectra of PPG (a) and its derivated polyurethane before 
neutralization (b) 
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Figure 4.1 illustrates FTlR spectra of PPG (a) and its derivated PU (b) before 
neutralization. No peak shown around 2270cm·1 proves that residual NCO reached 
the desired value before neutralisation (NCO/OH=0.96). Besides, several PU 
characteristic peaks can also be seen in FTlR spectra (a). Peaks located at 
3310cm-1 and 1600cm -I are attributed to stretching and bending vibration of -NH 
group, respectively. Peak of -c=o group was observed to be split distinctly into 
1730 cm-I for hydrogen bonded -C=O and 1703cm-1 for free -c=o. Stretching 
vibration of -CH group (2962-2853cm- l ) and C-O-C group (llOOcm- l ) can be 
observed in FTlR spectra of PPG and the water-based PU. 
4.2.2 Dispersion of MWCNTs in water and PU composites 
CNTs tend to aggregate due to strong inter-tube Van de Waals interaction. In the 
colloidal physics method, the first step is to exfoliate the MWCNTs in water with 
the assistance of an anionic surfactant, sodium dodecyl sulphate (C12H2SS04Na), 
and ultrasonication technique. This systematical study has been previously 
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Figure 4.2 TEM images of the MWCNTs individually dispersed in water 
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Figure 4.3 Mechanism of nanotube isolation from the bundle obtained by 
ultrasonication and stabilization [164] 
performed to find out suitable conditions for the exfoliation such as sonication 
energy, sonication time, CNT concentration and the ratio of CNT to the surfactant. 
A mature procedure given in reference [6] was selected in our experiments. The 
TEM images shown in Figure 4.2 confirm the good dispersion of the MWCNTs in 
water. Strano et al [164] proposed an "unzipping" mechanism to explain the 
individualisation of CNTs from nanotube bundles with combined assistance of 
ultrasonication and surfactant adsorption. As shown in Figure 4.3, ultrasonication 
provides high local shear, particularly to the end of nanotube bundles, allowing the S)_ 
b)~ 
c) 
Figure 4.4 Schematic representations of the mechanism by which surfactants help 
to disperse SWCNT. (a) SWCNT encapsulated in a cylindrical surfactant micelle 
(both cross section and side view); (b) hemimicellar adsorption of surfactant 
molecules and a SWCNT; (c) random adsorption of surfactant molecules on a 
SWCNT [165] 
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formation of gaps at the bundle ends. Then, surfactant adsorption results in the 
propagation of these gaps, and ultimately in the separation of individual CNTs 
from the bundles. In terms of mechanism of surfactant adsorption, three models 
have been proposed including [165]: (1) the formation of SDS cylindrical micells 
around a SWCNT (Figure 4.4a), (2) the formation of helices, double helices or 
hemimicells on the surface of a SWCNT (Figure 4.4b), and (3) the random 
adsorption of SDS molecules with no preferential arrangement on the surface of a 
SWCNT (Figure 4.4c). It is well-known that SDS contains a hydrophilic (S04'Na+) 
head and a hydrophobic (CI2H25-) tail in its chemical structure. As the 
hydrophobic tail strongly interacts with CNTs, the hydrophilic head left in water 
generates strong electrostatic repulsion among CNTs. In combination with steric 
hindrance, the colloidal stability of aqueous CNT dispersion can be maintained for 
several months. After fully exfoliating the nanotubes in water, the incorporation of 
the nanotube into PU latex was performed by simply mixing the aqueous CNT 
dispersion and PU latex. SEM images in Figure 4.5 show the dispersion of the 
nanotubes in the solid MWCNT(3wt%)/PU composite. It is indicated that the 
colloidal physics method can yield good dispersion of the nanotubes in polymer 
matrix. In the high resolution SEM images (Figure 4.5(b and c)), some nanotube 
bundles can be obviously observed. Although the nanotubes could be fully 
exfoliated in water, it seems the bundles cannot be completely avoided after the 
solidification ofthe MWCNT/PU dispersions. 
4.2.3 Film formation of MWCNTIPU dispersions 
Film formation is the process that achieves a continuous and homogenous film 
from polymer latex under appropriate conditions, which is very important for 
commercial application of latex products. Generally, the film formation process of 
polymer latexes is divided into three stages: evaporation and particles ordering 
(stage 1), latex particle deformation (stage 2) and polymer chain diffusion across 
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Figure 4.5 SEM images of the MWCNT(3wt%)/PU composites (fracture surface) 
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latex boundaries (stage 3) [166]. It is believed that incorporation of CNTs would 
inhibit polymer chain diffusion across the particle boundaries. PU dispersions 
were reported to hold low minimum film formation temperature that is close to the 
glass transmission temperature (below O°C) [167][168]. The selected film 
formation temperature (30°C) was enough for formation of a continuous and 
homogenous film observed visually. Interestingly, Regev et al [6] found that 
addition of 0.5wt % salt (NaCl) (based on total mass of solution) to 
SWCNTs-latex solution can reduce electrostatic repulsion between latex particles 
and CNTs, and led to well-dispersed SWCNTs-latex solution. After freeze-drying 
SWNTs-latex solution at -80°C over night, film formation was conducted by 
compression moulding at 170°C between poly( ethylene terephthalate) sheets. 
However, it has not been reported whether the addition of NaCl can influence the 
film formation of polymer latexes. Figure 4.6 shows digital images for the dried 
, 
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_"'--... ",:c. ' .. ,'.: .... ".C ... " ... " •. , ... ,,, 
Figure 4.6 Photographs for the MWCNT/PU composites. The size of all samples 
is 3.5cmx3.5cm (a) 0 wt% of MWCNTs, (b) 2 wt%, (c) 0 wt% with 0.5 wt% NaCl, 
and (d) 2 wt% with 0.5 wt% NaCl 
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films of the PU dispersion, MWCNT (2wt%)IPU, and MWCNT (2wt%)IPU with 
O.5wt% NaCl (based on the total solution). It can be seen that the addition ofNaCl 
caused cracking in the PU films with and without MWCNTs. NaCl can form solid 
crystals and precipitate from saturated salt solution. These solid crystals could 
interrupt the mutual diffusion of macromolecular chains of particles. Stress 
resulting from capillary force, polymer/air interfacial tension and polymer/water 
interfacial tension produced in the stage of the deformation of latex particles could 
be concentrated on the solid crystals, which could cause the damage of the film. It 
was found that some small cracks also existed in the films even though the loading 
of NaCl was lower than O.l5wt%. These results indicate that introducing NaCl 
cannot be considered as a practical method, at least, in anionic PU-SDS-MWCNT 
systems. 
4.2.4 Rheological behaviour of MWCNTIPU dispersions 
Rheological behaviour is thought to be correlated with practical applications of 
polymer latexes in coatings, inks and adhesives. Although CNT/polymer-Iatex 
composites have been reported, the effect of CNTs on the rheological behaviour of 
polymer latexes has been hardly studied. Here, a Haake VT500 viscometer was 
used to determine the effect of the addition of MWCNTs on the viscosity of the 
MWCNT/PU colloidal system. Figure 4.7 shows the viscosity of the MWCNT/PU 
dispersions with different MWCNT contents plotted against shear rate. The 
rheological curves show that the MWCNTIPU dispersions exhibit shear thinning 
behaviour. From Figure 4.7, it can be seen that, at low shear rates, the viscosity of 
the MWCNTIPU dispersions shows a noticeable enhancement with increased 
loading with MWCNTs. The rheological behaviour of the PU dispersions is 
slightly affected by the MWCNTs at high shear rates. In the MWCNT/PU 
dispersions, the interactions between MWCNTs wrapped by SDS and PU particles 
can result in the increase in viscosity of the PU dispersion. The orientation and 
mobility of the particles can be restricted by the MWCNTs. With increasing shear 
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Figure 4.7 Viscos ity of the MWCNT/PU di spersions vs. shearing rate with 
different loadings of MWCNTs at 20·C 
stress, these interactions can be graduall y broken and the movement of these 
particles becomes easy. Therefore MWCNT/water-based-P U dispersions displayed 
a gradual decease in viscosity and exhibited shear thinning behaviour.A1I of the 
data in Figure 4.7 can be filted to the Herschel-Bulkley equation [169]. The model 
equation is described in the equation: 
77 = Ao/r + K r "-' (7) 
where r is the shear rate (s· '), K and ..to are constants, and n is the fl ow behaviour 
index. It is known that the type of fluids, which is determined by n, consist of 
Newtonian fluids (n = I), pseudoplastic (shear-thinning) fluids (n < I), 
shear-thickening fluids (n > I). The fitting results of the flow behaviour index are 
shown in Figure 4.8, and reveals that the n va lue decreases with increased loading 
of MWCNTs, indicating the shear thinning behaviour of MWCNTIPU dispersions 
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turns out to be stronger in compari son with the PU dispersion. 
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0.8 
0.6 
c: 0.4 I 
0.2 
0.0 
0 2 4 6 8 
MWNT content (wt%) 
Figure 4.8 Flow behaviour index (n) of MWCNT/PU dispersions at 20°C 
4.2.5 Electrical p roperty of MWCNT/PU composites 
Percolation theory has usuall y been used to explain the improvement in electrical 
conductivity of the CNT/polymer composites [7]. According to percolation theory, 
the conducti ve pathway formed by conductive fi llers in the composites favours 
insulator-to-conductive transitions in the composites and the critical concentration 
of the fill ers is call ed the percolation threshold. In the co lloidal phys ics method, 
Oross iord et al [1 63] assumed a better di spersion ofCNTs might be achieved with 
the help of a surfactant, which generally is regarded as the key factor to max imize 
the funct ionality of CNTs in composites. Furthermore, Orun lan et al [7] gave 
another explanation. When preparing CNT-fi lled polymers by a solution or melt 
blend ing method, CNTs will be locked individually and randomly in the polymer 
matri x. Since spherical particles are exclusive for CNTs in polymer latexes, it can 
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Figure 4.9 Electrical conducti vi ty of the MWCNT/PU composites 
be thought that the CNTs have to be pushed into the interstitial spaces between 
particles during film fo rmation, which leads to decrease in the percolation 
threshold. Figure 4.9 shows the e lectrical conducti vity of the CNT/PU composi tes 
plotted aga inst the MWCNT content. At 0.5 wt% loading of MWCNTs, the 
electri cal conduct iv ity is improved by 3 orders of magnitude in comparison with 
pure PU. It was also found that the electrical conductivity did not show a 
significant increase when the MWCNT content increased from 0.5 wt% to 7 wt%. 
The percolation threshold in thi s system is below 0.5wt%, which indicates that the 
co lloida l physics method is very fl ex ible and works very well with PU latex. 
However, it is clear that the max imum conduct ivity of the composi tes is 2 to 4 
orders of magnitude lower than that of either conducting C Ts or semi-conducting 
CNTs. According to the classical percolation theory, the relationshi p between 
conductivity and vo lume fraction of filler is quantitatively described by the 
classical percolation power law [8]: 
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where G is the conductivity of composites, Go is a sca ling factor related to the 
intrins ic conductivity of the fi ll er, s is the power law exponent, p is the 
concentration of fill er in the po lymer matri x and Pt is the va lue of the percolation 
tllreshold. Origin soft ware was used to fit our experimental data in to the equation. 
The fin ing results are shown in Figure 4.10. The fitting results show that Go is 
around 1.1 x I 0-4 S/m, which is s ignificantl y lower than the intrins ic conducti vity of 
single nanotubes. It seems that the electri cal capacity of CNTs cannot be full y 
transFerred in polymer compos ites. The conductance o f polymer composites is 
given by the conducti ve pathway formed by CNTs in the polymer matrix . In fact, 
the electri cal conducti vity of the pathway cannot compare to the s ingle nanotube. 
The path way contains a number o f CNT j unctions. The structure ofCNT junctions 
is illustrated in Figure 4.11 , which should be CNT-polymer-C T junctions as 
CNTs are coated with po lymers. EM image in Figure 4.S(c) shows tha t 
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Figure 4.10 Fitting of the experimenta l data (the electrical conducti vity) into the 
class ica l perco lation power law (dotted li ne). The parameters of the classical 
percolati on power law are revealed inside the graph. 
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Figure 4.11 General ill ustration of the microstructure of a CNT/polymer 
composite. Thick stra ight line represents the C Ts and the thin random line 
represents the polymer chains. Highlighted places in the circles represent typica l 
CNT-polymer-CNT juncti ons in the composite. 
the surface of the nanotubes is not smooth and has been wrapped with the PU. As 
the polymer ex ists in the intermediate space between two tubes, the transfer of 
electron through the C T junctions is very complicated. We simply considered 
that the polymer in the intermediate space could prevent the transfer of electrons 
from one nanotube to ano ther. So the conductance of the path way totall y depends 
on the conductance of the CNT-polymer-CN T (C-P-C) junctions. Theoretica l study 
[1 70] revealed that the conductance of the C-P-C junctions was relati ve to the 
th ickness of the polymer in the intermedia te space. e.g. as the th ickness of the 
polymer was less than 0.6nm, the effect of the polymers on the transfer of electron 
across the C-P-C j unctions could be ignored . As the thickness of the polymer was 
aro und 8nm, the conductance of the C-P-C junctions dropped to I % of the 
conductance of single nanotube. This phenomenon IS called "tunnell ing 
behaviour", which means the transfe r of electron depends on the void space 
between nanotubes. In polymer composites, "tunnelling behaviour" is impossible 
to eliminate. Thi s is why it is common to see the max imum conducti vity is a lmost 
2-4 orders of magnitude lower than intrinsic conducti vity of pure CNTs. 
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The visualisation of the conductive pathway is per fo rmed using microscopy. The 
conducti ve pathways of bundled MWC Ts fo rmed in PU matrix can be observed 
using optical microscopy and the results are shown in Figure 4.12 . Although it is 
Figure 4.12 Optical microscopy images of the MWCNTIPU dispersions. (a) is the 
transmitted image of the PU di spersion, and (c) and (e) are its refl ected images, 
focusing on particle and non-particle zones, respectively. (b) is the transmitted 
image of the PU di spersion with 5wt% MWCNTs, and (d) and (f) are its refl ected 
images focused on partic le and non-particle zones, respecti vely. (40~m-- ) 
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hard to image a clear picture for a single MWCNT, optical microscopy (OM) has 
the advantage in observing a large area that can provide the true face of the 
conduct ive pathway of CNTs in polymer latexes. Compared to the images of PU 
parti cles (a, c and e in F igure 4.12), the images (b, d and f in Figure 4.12) show 
that the hair-like, dark li nes should be the bundled MWCNTs that are located at 
the side and the top of PU particles, respecti ve ly. In thi s case, the conductive 
pathway of the MWCNTs could be formed in parallel and orthogonal directions 
after complete coalescence of the particles. The nanotubes are not uniformly 
located in each boundary between two single PU particles. In fact, it is very 
difficult for the nanotubes to enter into the boundary area between two single PU 
particles due to strong electrostat ic repu lsion between both negative charged PU 
particles and nanotubes. As PU particles get close each others wi th the gradual 
evaporation of water, the electrostatic repulsion will be stronger and stronger to 
drive the nanotube out of the boundary to be together. It can help us have better 
understanding how the [Tee space is tightened for the settl ement of CNTs In 
polymer latex, which subsequently resu lts in low percolation threshold. 
4.3 Results and discussion (part B): MWCNT-OH/UHMWPE composites 
4.3.1 Characterisa tion of MWCNTs and MWC Ts-OH 
In thi s chapter, two types of CNTs including pristine MWCNTs and functionali sed 
MWCNTs with 3-5wt% hydroxy l gro ups were used . As FTrR spectra of 
MWCNTs and MWC Ts-OH are shown in Figure 4.13, the typica l peak of 
hydroxyl groups around 3400 cm'] can be seen in line b, but it also can be 
unexpectedly seen in the li ne a, which is due to the ex isting trace of water in KBr 
that is hard to remove completely. This introduces a small problem to identify the 
hydroxy l groups on the MWCNTs. The peak of hydroxyl group ca lculated by 
Original software was normalized by -CH peak at 2853 cm'] and 2953 cm']. The 
calcula ted result revea led st ronge r -O H absorpt ion occu rred in th e 
MWCNT-OH/KBr sample in comparison with MWCNTslKBr sample. In other 
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Figure 4.13 FTIR spectra of MWNTs and MWNTs-OH 
words, OH group was proven to be introduced to MWCNTs after chemical 
modifi cation. In order to further clarify this conclusion, Raman was used to 
characteri se the MWCNTs and MWCNTs-OH. Raman spectroscopy is an 
effect ive tool to characterise structure o f CNTs. Many reports have aimed at the 
characteri stic peaks of CNTs in their Raman spectra. The di sorder mode (D-band) 
peaking around 1325cn,-l , resulted fro m Sp3 -hybridised carbon in the framework 
of CNTs and amorphous carbon, is related to impurities and defect on CNTs. The 
tangential graphite mode (G·band) at 1 574cn,-1 is another feature of CNTs in 
Raman spectra, corresponding to the crystalline graphitic structure [1 7 1). Figure 
4.14 demonstrates the Raman spectra of MWCNTs (line a) and MWCNTs-OH 
(line b). Compared to MWCNTs, D band of MWC T-OH is upshi fted to 1323 
cm·1 and its G band of MWCNTs-OH is downshifted to 1566 cm·1. Due to D-band 
and G-band reflects di sorder-induced mode and in-plane graphite structure, ratio 
of D-band intensity to G-band intensity (DIG) is a common parameter to 
characteri se the defecting degree of CNTs. The DIG of MWCNTs was 1.3 that 
was less than DIG of MWCNT-OH (1.6). MWCNTs-OH exhibi ted more defect in 
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the side wall after chemical modification. In the range of high frequency, there is a 
peak aro und 2640cm,l which is assigned to G'-band. Shift of G-band was another 
ev idence to confirm some damage occurring in graphi te structu re of CNTs. 
a: MWC NTs 
b: MWC NTs,OH 
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Figure 4.14 Raman spectra of MWNTs and MWNTs-OH 
4.3.2 Dispersion of MWCNTs-OH in DMF and UHMWPE particles 
In this coating process, functionali sed nanotu bes (MWCNTs-OH) firstly were 
dispersed in a polari sed organic solvent (DMF) with the assistance of 
ultrasonication. The TEM images in Figure 4.15 show the exfo liated nanotubes in 
DMF. In comparison with the TEM image o f pure MWCNTs, some defects (black 
dots) can be seen on the surface of the funct ionali sed nanotubes, which could be 
attri buted to the ex istence of the hydroxyl groups. The contribution of the 
hydroxy l groups to the stability of the MWCNT-OH/DMF dispersion is from two 
aspects: ( I) the hydroxyl groups could steri ca ll y hinder the aggregation of the 
nanotubes in DMF after ultrasonication; and (2) the hyd roxyl groups could reduce 
the surface energy of the nanotubes and enhance the compatibili ty between the 
nanotubes and DMF. This aspect can be explai ned according to thermodynamic 
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theory: 60=6 H-T6S, where 60 is the change in Oibbs free energy, 6 H is the 
change in enthalpy, T is the temperature in degrees Kelvin, and 6S is the change in 
entropy. If 60 is negative, the mixing of two components will take place 
spontaneously. 6S is a lways pos itive, since system tends to go from ordered to 
less ordered states. Therefo re, 6 H should be close to zero for the spontaneous 
occurrence of mixing two components. Accord ing to the literature [1 72], 6 1-lmix is 
approx imately proportional to Vmix(OC-OSOI)2<p, where o=~Esur is the square root 
of the component surface energy, Vmix is the vo lume of the mixture and <p is the 
nanotube vo lume fraction. The surface energy is defined as the energy per unit 
area required to overcome the van der Waals forces when exfoliating nanotube 
bundles. The surface energy ofCNTs and DMF has been reported as - 70-80mJ/111 2 
and 40-50mJ/m2, respecti vely [172]. As the exfo liat ion ofCNTs in DMF expects a 
minimal value of 6 Hmix, surface functionalisation is an effecti ve approach to 
reduce the surface energy of CNTs to match that of CNTs. 
Figure 4.15 TEM images of exfoliated MWCNTs-OH in DMF 
Macroscopically, the digital picture In Figure 4.16 shows the di spersion of 
MWCNTs (left) and MWC Ts-OI-I (middle) in DMF. The picture was taken after 
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shak ing the glass bottles. Some big black aggregates are observed on the inner 
wall of the glass bottle containing the MWCNTIDMF dispersion, indicating 
unsati sfied dispersion of MWC Ts in DMF. The wall of the g lass bOllle 
containing the MWCNT-OH/OMF dispersion is still transparent, indicating good 
Figure 4.1 6 The Digital picture of the MWCNT/OMF dispersion (left) , the 
MWCNT-OHIDMF dispersion (middle) and res idual DMF after coating (right) 
Figure 4.1 7 The Digital picture of pure UHMWPE powders (left), 
O.lwt%MWC T-OHlUHMWPE powders (middle) and 
I wt%MWCNT-OHIUHMWPE powders (right). 
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Figure 4.18 SEM images of the UHMWPE powders (a and b) and 
MWCNT-OH( I wt%)IU HM WPE compos ite powders (c and d). The images (a and 
c) are taken under low vo ltage, and SEM images (b and d) are taken under high 
voltage. 
dispersion of MWCNTs-OH in DMF. After the good di spersion of the 
MWCNTs-OH in DMF is confirmed, the UHMWPE particles are added into the 
dispersion and stirred at a certain temperature to ensure the homogenous and 
strong coating of the MWCNTs-OH on the surface of the UHMWPE particles. 
The glass bottle (ri ght) in Figure 4.16 contains res idual DMF after the 
MWCNTs-OH are coated on the surface of UHMWP E parti c les. The appearance 
of res idua l DM F turns to be yellow, which indicates most of the MWCNTs-OH 
have been pulled out fro m DMF. Figure 4.17 shows the appearance of UHMWPE 
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powders before and after coating. Pure UHMWPE powders is white, the 
UHMWPE powders coated wi th 0. 1 wt% MWCNTs-OH is grey, and the 
UHMWPE powders coated with I wt% MWCNTs-OH turns to dark fina lly. 
SEM was further used to observe the surface of the UHMWPE powders before 
and a fter coating. The SEM image in Figure 4.18(a) shows the size of the 
UHMWPE powders is around 60,lm . The high reso lution SEM image in Figure 
4.18(b) shows their neat surface. In compari son with that of the UHMWPE 
powders, the SEM image in Figure 4.18(c) shows the MWCNTs have been 
adsorbed on the surface of the UHMWPE. The high resolution SEM image in 
Figure 4.18(d) shows more clear observation of the nanotubes wi th strong 
bonding with the surface of the UHMWPE powders. 
4.3.3 Electrica l conductivity of MWCNT-OH/UHMWPE composites 
The powdery samples are processed to polymer films with a thickness of I mm 
usi ng hot compression for electrical testing. Like the co lloidal phys ics method, the 
nanotubes wi ll be located in the boundary area among polymer particles after fi lm 
formation. In the both methods, the core idea of lowering the percolation threshold 
is to reduce the free space fo r the settlement of the nanotubes in polymer matrix. 
The di fferent issue is the nanotubes are locked into the surface of polymer 
partic les before film formation in the coating method, but the nanotubes are 
mobile in polymer latex and locked into the boundary area after film fo rmation. 
Table 4.1 shows the electrical conducti vity of the MWCNT-OH/UHMWPE 
compos ites. Two grades of UHMWPE powders with di fferent s izes (60,1I11 and 
100,lm) were used as the host. It can be seen that the percolation threshold fo r the 
powders with the size of 60f.lm is around I wt% and the percolation threshold for 
the powders with the size of 100,lm is around 0.5wt%. The smaller particle size 
leads to higher percolation threshold. This relationship could be estimated by a 
simple geometri cal calculation. It is assumed that the polymer particle with a 
rad ius of R is fully coated wi th a layer of the nanotubes and the thickness of the 
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nanotube layer is assumed to be 6 R, as shown in Figure 4.19. Consider a polymer 
partic le, percolation threshold '" 6 V/V= 4rrR26R14/3rrR3=36R1R, where 6V is the 
volume of coated nanotube layer and V is the volume of a polymer parti cle. 
Therefore, as the R is bigger, the percolation threshold is lower. 
Table 4.1 Electrica l conducti vities of tile MWCNT-OH/ I-IMWPE composites 
Owt% O. lwt% 0.5wt% Iwt% 
HMWPE-a 2.1 x I 0·3S/m 
HMWPE-b 1.3 x 10·3S/m 3.2x I 0·3S/m 
Note: the particle SIze of HMWP E-a and HMWPE-b IS 60!!m and 100flm , 
respecti vely. 
Figure 4.19 Scheme of the UHMWPE powders fully coated with the nanotubes. 
The white circle represents the UHM WPE parti cle and the dark area represents the 
nanotubes coating on the surface of the partic le. R is the rad ius of the particle and 
6 R is the thickness of the nanotube coating. 
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4.4 Conclusions 
In this chapter, the colloidal physics and coating method were applied to fabricate 
semi-conductive CNT/polymer composites with Iow percolation threshold. 
Polymer latex and powdery polymers were used as hosting matrix for the colloidal 
physic and coating method, respectively. The core idea of these two methods is to 
engineer a unique micro structure in which the settlement of CNTs in polymer 
matrix is limited to boundary area since particulate hosts are exclusive for CNTs. 
In this unique micro structure, very small amount of CNTs is needed to form the 
conductive pathway, which means a Iow percolation threshold. 
In the first part of this chapter, we mainly investigated the MWCNTIPU 
composites prepared by the colloidal physics method. The MWCNTs were 
exfoliated in water with the assistance of surfactant and ultrasound. The solid 
composites were obtained via drying the colloidal mixture of the MWCNTs and 
PU latex at room temperature. The percolation threshold was found to be around 
O.5wt% and the electrical conductivity of the composites was improved by more 
than 4 orders of magnitude with the addition of 1 wt % MWCNTs. The polymer 
existing in the intermediate space between two nanotubes (C-P-C junctions) could 
be the reason that the maximal electrical conductivity of the composits could not 
reach the electrical conductivity of pure CNT network. The addition of NaCl that 
was considered to reduce electrostatic repulsion existing in solution of anionic 
PU-SDS-MWCNTs resulted in the cracking of the PU films. The study of 
rheological behaviour revealed that the addition of CNTs led to the increase in the 
viscosity of the PU dispersion. 
In the second part of this chapter, a novel coating technology to cover the 
UHMWPE powders with the MWCNTs-OH was invented. The functionaIised 
MWCNTs could be fully exfoliated in DMF with the assistance of functional 
groups and ultrasound. The visual evidences from SEM images confirmed the 
nanotubes were adhered to the surface of the powders very well. After film 
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fonnation using the compression moulding, the nanotubes were locked into the 
boundary area to fonn the conductive pathway with a low percolation threshold. 
The electrical testing showed that percolation threshold for the powders with the 
size of 60llm was around I wt% and the percolation threshold for the powders with 
the size of IOOllm was around O.5wt%. Overall, the smaller particle size led to 
higher percolation threshold. Different from the colloidal physics method in which 
the nanotubes are mobile in polymer latex and locked into the boundary area after 
film fonnation, the nanotubes are locked into the surface of polymer particles 
before film fonnation in the coating method. We believe both of them will be 
promising approaches to work out the semi-conductive polymer composites with 
low percolation threshold. 
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Chapter 5 Latex technology as a simple route to improve the thermal 
conductivity of a carbon nanotube/polymer composite 
5.1 Introduction 
The extremely high thermal conductivity of carbon nanotubes (CNTs) has been 
disclosed in several communications [4][5]. The thermal conductivity of 
single-walled carbon nanotubes (SWCNTs) has been theoretically demonstrated at 
-6000Wm'!K'! at room temperature by molecular dynamics simulations [4]. The 
thermal conductivity of isolated multi-walled carbon nanotubes (MWCNTs) was 
experimentally measured at -3000 Wm'!K'! [5]. Due to their outstanding thermal 
conductivity, CNTs have been considered as potential candidates to improve the 
thermal conductivity of polymers. Strong interfacial phonon scattering has been 
commonly considered as the biggest bottleneck limiting the thermally transporting 
performance of CNTs in polymer composites [8][9]. Novel nanotechnologies are 
being explored to reduce the interfacial phonon scattering, allowing development 
of thermally conductive composites for thermal management [27][139][176]. It 
was revealed that randomly-dispersed nanotube bundles contributed to the 
enhancement of the thermal conductivity significantly less than the continuous 
nanotube-rich phase that strongly reduced the nanotube-polymer interfacial area in 
the composites. The colloidal physics method based on latex technology has been 
reported to prepare electrically conductive CNT/polymer composites with lower 
percolation threshold than other traditional methods [6] [7][ 177]. This method 
simply concerned drying the mixture of CNT aqueous dispersion and polymer 
latex. Grunlan et al [7] proposed a model to describe a unique morphology created 
by this method, which indicated that CNTs could be self-aligned in the interstitial 
space between latex particles during film formation. We anticipated that the 
created continuous nanotube-rich phase going through the boundary area between 
latex particles was available for the electrical transport as well as the thermal 
transport. In chapter 4, it was discovered that the colloidal physics method was 
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available for the preparation of smei-conductive PU composites with the low 
incorporation of CNTs. In this chapter, we tried to dig out the advantages of the 
colloidal physics method in the reduction of the interfacial phonon scattering 
based on PU latex. 
5.2 Results and discussion 
5.2.1 Basic theory of heat conduction 
Heat transfer refers to the movement of heat from a high-temperature object to a 
low-temperature object, which is schematically shown in Figure 5.1. In 
consideration of atomic and molecular activity in a microscopic scale, heat transfer 
can be viewed as the transfer of energy from energetic molecules to less energetic 
molecules as they collide. The means of heat transfer mainly concems conduction, 
convection and radiation. Conduction is the most significant means of heat transfer 
in a solid, which generally carries out in two ways: phonons or electrons transfer. 
The electron is a fundamental subatomic particle that carries a negative electric 
charge and rotates around atomic nuclei that consist of protons and neutrons. The 
phonon is a quanti sed mode of crystal lattice vibration. In a rigid crystal lattice, 
atoms are vibrating instead of being fixed at rigid sites on the lattice. The vibration 
of atoms in a periodic structure is able to create a set of vibration waves 
propagating through the lattice. As the energy of vibrations is quanti sed, a phonon 
is used to label the quantum of vibrating energy, in analogy to photons for 
quantisation of the electromagnetic waves. Heat transfer in insulators is entirely 
dominated by phonon transport. In conductive metallic solid, electrons act the 
carrying role in nearly all heat flux. Less than I % heat flux is carried by phonon 
vibrations. This is why metals always perform very well as both thermal and 
electrical conductors. Phonons tend to scatter when they collide with other 
particles such as phonons and electrons, defects or boundary surface in crystalline 
lattice. The anharmonic phonon-phonon or electron-phonon scattering is usually 
called Umklapp scattering, which mainly limits the thermal conductivity of low 
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defect crystalline materials. As soon as multi-phase structured composites are 
specifically concerned, strong phonon scattering at phase-phase interface 
dominantly limits the thermal conductivity. Reducing interfacial phonon scattering 
thus is key topic in expanding thermal limit in composite materials. 
CNTs have exciting thermal conductivity due to their crystalline lattice structures 
with long free path that facilitate phonon transport. It is initially expected that 
percolated CNT networks formed in polymer matrix can facilitate phonon 
transport as well as electron transport. However, two types of interface could arise 
the strong phonon scattering in CNT/polymer composites: (I) CNT-polymer 
interface; and (2) CNT-CNT junctions. It is commonly considered that phonon 
scattering at CNT-CNT junctions is stronger than CNT-polymer interface [139]. 
Thus, the practical way to reduce phonon scattering is to reduce CNT-polymer 
interfacial area and increase CNT-CNT junctions. 
~ High temperature object Heat (Q) Low temperature object 
Figure 5.1 Schematic process of heat transfer 
5.2.2 Thermal conductivity of MWCNTIPU composites 
Figure 5.2 shows the thermal conductivity of MWCNT/polyether-based PU 
composites as a function of the MWCNT content. The results show that the 
thermal conductivity reaches a plateau between 2wt% and 5wt% MWCNTs before 
rising sharply at 7 wt% MWCNTs. However, it can be seen clearly that with 7 
wt% MWCNT, the thermal conductivity was only improved by -86%. Figure 4.9 
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in last chapter has disclosed that the percolation threshold In the 
MWCNT/polyether-based PU composites is around O.5wt%. It seems that the 
percolated CNT network does not significantly contribute to the enhancement of 
the thermal conductivity, which is in agreement with the findings from Gojny et al 
[8]. As mentioned in the mechanism of heat conduction, there are two types of 
heat carriers in solid: electrons and phonons. Phonon transport determines the heat 
transport in insulating materials, and electron transport determines the heat 
transport in conductive materials (e.g. metal). Gojny et al considered that phonon 
transport dominates the heat transport in semi-conductive CNT/polymer 
composites and electron plays side role in this case. Although the percolated CNT 
network in polymer matrix should facilitate phonon transport as well as electron 
transport, the strong phonon scattering at the nanotube-polymer interfaces and 
nanotube-nanotube junctions disables the percolated CNT network to transport 
phonon in CNT/polymer composites. This is the reason CNTs fail to 
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Figure 5.2 Thermal conductivity of MWCNT/polyether-based PU composites as a 
function of MWCNT content 
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highly improve the thermal conductivity of polymers, which is totally opposite to 
people's initial expectation. How to reduce the interfacial scattering is becoming 
the key challenge in expanding thermal limit in CNT/polymer composites. As 
mentioned in the part of "introduction", the CNT /polymer with a continuous 
nanotube-rich phase can achieve relatively higher thermal conductivity than that 
with randomly-dispersed CNTs. In Du et aI's article, a detailed explanation was 
given to the contribution of the continuous nanotube-rich phase to the 
enhancement in the thermal conductivity of PS. They thought that the idea path for 
phonon transport is from one nanotube to another in CNT/polymer composite. The 
colloidal physics method is able to uniquely create a percolated CNT network 
going through the boundary area between latex particles. This percolated CNT 
network can be regarded as a continuous nanotube-rich phase in polymer matrix 
and is different from the percolated CNT network formed by randomly-dispersed 
CNTs. The nanotube-polymer interfacial area could be reduced since the 
continuous nanotube-rich phase only is distributed in the boundary area among 
latex particles. 
Although the colloidal physics method has shown its advantage in the reduction of 
the interfacial phonon scattering in comparison with other methods in which CNTs 
are randomly dispersed in polymer matrix, the MWCNT/polyether-based PU 
composites fail to observe the exciting improvement of the thermal conductivity. 
Can we go further? 
A phonon is a quantum of crystal vibrational energy, which have two fundamental 
lengths; wavelength and mean free path. Amorphous phase without long-range 
crystalline structure limits the free length of path for phonon transport in solids. 
We consider, in CNT /polymer composites, amorphous interface is inclined to arise 
the stronger interfacial phonon scattering than crystalline interface. "Repairing" 
amorphous interface could be an effective way to reduce the interfacial phonon 
scattering. Nucleating ability of CNTs in semi-crystalline polymer has been 
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practically applied to form crystalline layers around CNTs. It was found that the 
crystallites at CNT -polymer interface could enhance the performance of CNTs in 
improving the thermal conductivity ofa CNTIPE composite (138]. In the colloidal 
physics method, our focus moves from amorphous latex to semi-crystalline latex 
since the improvement III the thermal conductivity of the 
MWCNT/polyether-based PU composite is not exciting. A semi-crystalline PU 
dispersion that was synthesized from polycaprolactone (PCL) was used as latex 
host to accommodate CNTs via the colloidal physics method. A much higher 
improvement of the thermal conductivity was found in comparison with the 
polyether-based PU composites. 
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Figure 5.3 Thermal conductivity of the MWCNTIPCL-based PU composites as a 
function of MWCNT content.. All the samples were consistently loaded with 1 wt% 
SDS 
Figure 5.3 shows the thermal conductivity of the MWCNTIPCL-based PU 
composites with constant loading of 1 wt% SDS as a function of the MWCNT 
content. The weight fraction of SDS and nanotubes were both calculated based on 
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the PU matrix. The thermal conductivity increases from 0.15 Wm·1K·1 to 0.39 
Wm·1K1, by -160%, when the PU is loaded with 1.5wt% MWNCTs. But the 
thermal conductivity exhibits a slight decrease to 0.32 Wm·1K·1 when the 
incorporation of the MWCNTs reaches 2wt%. It has been known that decreasing 
weight ratio of SDS to CNTs has negative impact on the dispersion of the CNTs in 
water [178]. The worse distribution of the nanotubes in the PU matrix could 
explain why the composite filled with 2wt% MWCNTs performed lower thermal 
conductivity in comparison with that containing l.5wt% MWCNTs. It was 
experimentally found that the MWCNTs were not able to be dispersed in water 
well when the weight ratio of SDS to MWCNTs exceeded 1 :3. In order to prepare 
the composites with higher incorporation of the MWCNTs, another group of the 
MWCNTIPCL-based PU composites were also prepared with fixed weight ratio 
(1:1) of SDS to MWCNTs. Figure 5.4 shows the thermal conductivity of the 
MWCNTIPCL-based PU composites as a function of the MWCNT content. The 
thermal conductivity increases from 0.15 Wm-1K-1 to 0.47 Wm-1K1, by -210%, as 
the addition of the MWCNTs increases to 3wt%. Similarly, the thermal 
conductivity undergoes a slight decrease when MWCNTs and SDS content both 
increases over 3 wt%. In the PU latex, the free space among latex particles 
accommodating the MWNCTs is limited. With increasing MWCNT concentration, 
the settlement of more single MWCNT in the void space among latex particles 
could increase the size of MWCNT bundles that result in more nanotube-nanotube 
interfacial phonon scattering. It could be concluded that the thermal conductivity 
of the PCL-based PU almost was tripled with the incorporation of 3wt% 
MWCNTs. These results started to lighten our assumption regarding the strategies 
to reduce the interfacial phonon scattering via latex technology. As mentioned 
above, the continuous nanotube-rich phase created by the colloidal physics method 
is one point. Compared with our previous result that less than 100% enhancement 
of the conductivity was obtained for the amorphous PU filled with 7wt% 
nanotubes, it also could reach the conclusion that the PCL crystallites nucleated at 
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the nanotube-polymer interface showed the advantage in the effective reduction of 
interfacial phonon scattering over amorphous interface because lattice vibration 
was inclined to be destroyed by disordered structure. It has to be pointed that the 
use of surfactant wrapping around the CNTs strongly increased the interfacial 
phonon scattering, and was the obstacle for this method to make the improvement 
of the thermal conductivity meet our high prediction no matter in the amorphous 
or semi-crystalline PUs. 
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Figure 5.4 Thermal conductivity of the MWCNTIPCL-based PU composites as a 
function of MWCNT content. All samples were prepared with consistent weight 
ratio (1:1) ofSDS to MWCNTs 
5.2.3 SEM imaging the morphology of MWCNTIPCL-based PU composites 
A SEM image of the MWCNT(3%wt)IPCL-based PU composite with Iow 
magnification is shown in Figure 5.5(a) to disclose almost homogeneous 
dispersion of the MWCNTs that are represented by bright dots although some big 
nanotube bundles stilI exist in the PU matrix. Figure 5.5(b) shows a magnified 
SEM image focusing on the framed area in Figure 5.5(a). Apparently, a few 
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micro-sized nanotube bundles still can be seen in the fractured surface. It is 
di fficult to totall y avoid these big nanotube bundles even though surfactant acts as 
de-aggregating role because the nanotubes are inclined to aggregate as the 
nanotubes are automati call y pushed into the boundary among the latex particles 
during the film formation. However, these big nanotube bundles g ive a clear view 
o f the nanotube-rich phase in the PU matrix. In combination with a TEM image of 
the nanotube-rich phase in poly(vinyl acetate) previously released by Grunlan et ai, 
the co lloidal physics method could produce a cellular structure with the continuous 
nanotube-rich phase locating in the interstitia l areas between latex particles. 
Figure S.S(c) shows the enlarged area with the well-dispersed nanotube bundles in 
the fractured surface. In Figure S.5(d and e), the bright dots observed on the top 
surface represent the nanotube bundles in verti cal direction. It can be seen that that 
the thickness of the nanotube-ri ch phase in the composite varied from several 
nanometres (single tube and nanotube bundles) to micron (the large-area CNT 
arrays). 
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Figure 5.5 FESEM images of the MWCNT(3 wt%)/PCL-based PU compos ite. a, b 
and c are the fractured surface images; d and e are the top surface images. 
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S.2.4 Study of the crystalline morphology of MWCNT/PCL-based PU 
composites 
Crystallisation process consists of two steps: the fo rmation of nuclei, and , crystal 
growth. The formation of nuclei is the first step, in which polymer chains start to 
gather into clusters in the nanometre scale. These stable clusters constitute the 
nucle i as the clusters reach a criti ca l size. The crystal growth is the subsequent 
growth of the nucle i, in which long chain segments fold themselves together to 
form lamellar structures. Amorphous region ex ists between the crystalline lamella, 
wh ich means there is no 100% crysta llini ty in polymers. The formation of nuclei 
is called nucleation, which can be categorised as homogeneous nucleation and 
heterogeneous nucleation. Homogenous nucleation means that the formation of 
nuclei takes place spontaneously onl y due to supercooling without existing nuclei . 
Heterogeneous nucleation refe rs to the format ion of nucle i in presence of ex isting 
nuclei in polymer so lution or melts. The ex isting nuclei generall y refer to 
preexisting/res idual nucle i surviving from initial melt or di sso lution conditions, or 
any "impurity" ex isting in po lymer so lution or melts. Nanofill ers are commonly 
regarded as one kind of the " impurity", which have shown their nucleating ability 
for crystalline polymers. The crystalline morphology and crystalli sation behaviour 
of polymers could be significantly changed in the presence of nanofill ers 
As one-dimensional nanofillers with tubular structures, the nucleating ability of 
CNTs for polymers has been reported in many articles [73][ 147)[1 79) [1 80). The 
nucleation of polymer crysta llites around CNTs has been considered a practi cal 
route to engineer the nanotu be-polymer interface. Coleman et al [20) di scovered 
that the crystalline coating around CNTs made a s ignificant contri bution to the 
stress transfer from CNTs to polymers. In combination with Haggenmueller et ai 's 
[13 8) di scovery, we a lso considered that the fu nction of the nucleated crystallites 
could be ex tended to red uce the inter facial phonon scatte ring because the 
nanotube-polymer interface is be ing crystalli sed. This ass umption has been 
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Figure 5.6 Polarised optical microscopy images of the MWCNT/PCL-based PU 
composites. a: the pure PU ; b: the MWCNT(l wt%)/PU composite 
partially confirmed by companng the thermal conductivities of the 
MWCNT/polyether-based PU composites and the MWCNT/PCL-based PU 
composites. The aim of thi s part is to confirm the existence of crystallites 
nucleated by CNTs in the MWCNT/PCL-based PU composites by using POM and 
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DSC techniques. 
(I) Polarised optica l mic roscopy study of th e crysta lline morphology of 
MWCNT/PCL-based composites 
The POM images of the MWCNT/PCL-based PU composites are shown .in Figure 
5.6. The crystalline morphology of the pure PU exhibits a type of big ringed 
spherulites. It can be seen that the add ition of the MWCNTs results in a s ignificant 
damage of the big spheru lites. A large number of smaller spherulitic and 
needlelike crystals appear in the PCL-based PU containing I wt% MWC Ts. This 
phenomenon is attributed to the nuclealing ability of the MWCNTs for crystalline 
polymers. The incorporation of one-d imens ional tubular nanofi ll ers acting as 
nuclei significantly affects the growth of spherulites . In another aspect, the POM 
images can confirm the formati on o f the PU crysta lli tes nucleated by the 
MWCNTs. In thi s system, the it is diffi cult to observe the crystallites nucleated by 
c 
CNr 
Folded 
Polymer 
Single 
/ crystal 
Figure 5.7 PEIMWCNT NHSK structure produced by crystal lisation of PE on 
MWC Ts at 103°C in p-xylene for 0.5h: a) SEM image shows that MWCNTs are 
decorated by dis-shaped PE single crystals and PE-fu nctionali sed MWCNTs 
MWCNTs can therefore be achieved. b) TEM image of enlarged PE/MWCNT 
NHSK structures. a) and b) show that periodicity of the kebabs is - 50-70nm. c) 
Schematic representation of the PE/CNT N I-ISK structure [181]. 
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CNTs directly using electron mlcroscopy. Li et al [181 ][182] studied the 
CNT-induced pol ymer crystalli sation in the extremely diluted so lution of PE and 
achieved the electron microscopy images of CNT-nucleated crystall ites as shown 
in Figure 5.7. It can be seen that PE peri od ica ll y grows on the surface of CNTs 
and fo rms ' nanohybrid shish-kebabs' (NHSKs). This discovery clearl y confirms 
the nucleating ability of CNTs fo r crystalline polymers, and can support the POM 
images on the micro-scale revealing that the growth of spheru li tes are significantly 
affected by the incorporation ofMWCNTs. 
(2) DSC study of crystaUisation of MWCNT/PCL-based PU composites 
DSC technique was further used to detect the ex istence of the crysta llites around 
the CNTs. DSC technique, as an important thermal analysis method, has been 
widely used to study the morphology of polymers. DSC curves are very 
informative to di sclose the second order glass transition, the first order melting 
transition and the fraction of crystallinity in polymers. The crystalline morphology 
of polymers typicall y presents a lamellar structure. Thompson-Gibbs (TG) 
equation is proposed to describe the linear relationship between melting 
temperature and lamellar thickness : 
r = r OCI 
III III 
where (J is the fo ld surface interfacia l free energy, Le is the lamellar thickness, TOlo 
is the equilibrium melting temperature of the polymer, t.Hro is the bulk enthalpy of 
melting per unit volume of crystals. Coleman et al [20] used the fact that the 
crystallinity increased with increasing add ition of the CNTs to confirm the 
formation of the crystallites around CNTs. Typical DSC curves of the 
MWCNT/PCL-based PU composi tes are shown in Figure 5.8. The crysta llinity 
calculated based on melting peaks fai led to increase with increas ing add ition of the 
MWCNTs obviously. However, it can be seen that, compared with the pure PU, a 
new melting peak appears around 27°C, which can be attributed to some 
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crystallites with thinner lamellar thickness formed around the nanotube bundles. 
The differential signals of heat fl ow shown in Figure 5.9 can identify thi s new 
melting peak more clearly. Furthermore, it was found that the thermal conductivity 
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Figure 5.8 Typical DSC curves of the PCL-based PU and MWCNT/PCL-based 
PU composites; A: all samples wi th consistent loading of I W1% SOS; B: all 
samples wi th consistent weight ratio ( I :1) of SOS to MWCNTs 
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Figurc 5.9 Derivated DSC curves of the PC L-based PU and MWCNT/PCL-based 
PU compos ites; A: all samples with consistent loading of I W1% SOS; B: a ll 
samples with consistent we ight ratio ( I : I) of SOS to MWCNTs 
of the composites roughly vari ed with the areas o f these new peaks. F igure 5.8(A) 
reveals the DSC curves of the composi tes which have shown their thermal 
conductivity in Figurc 5.3. At 1.5W1% MCWNTs, the biggest new peak around 
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27°C corresponds to the highest thennal conductivity. Similarly, it can be seen 
from Figure 5.8(B) and Figure 5.4 that 3wt% MWCNTs yields the composite 
with the biggest peak around 27°C and the highest thennal conductivity. These 
details helped us make better understanding of the contribution of the crystallites 
around nanotubes to the enhancement of the thermal conductivity. The nanotube is 
a super thermal conductor due to its unique structure. Nanotube netwok acting as 
an ideal pathway for phonon transporting in polymer matrix is expected to 
signicantIy enchance the thermal conductivity of polymers. The phonon scattering 
in the CNT-polymer interface is the barrier between the expectation and the reality. 
In comparison with the amorphous interface, the crystallites formed in the 
CNT-polymer interface could be repoinsible for enhancing the ordemess of the 
interface and reducing the interfical phonon scattering. Less loss of phonon during 
the thermal transporting, higher thermal conductivity of CNT/polymer composites 
will be achieved. 
5.3 Conclusions 
A universal recognition that the interfacial phonon scattering that is hardly 
eliminated is the bottleneck for CNTs to perform as ideal thermal conductors in 
the polymer composites has been compromised. How to reduce the interfacial 
phonon scattering technically is regarded as a big challenge for the development of 
the thermally conductive CNT/polymer composites. Latex technology has been 
applied to fabricate the electrically conductive composites with very low 
percolation threshold. In this chapter, latex technology was applied to achieve high 
improvement of the thennal conductivity. It was found that the thermal 
conductivity almost was tripled with the incorporation of 3wt% MWCNTs into the 
semicrystalline PCL-based PU, whereas the incorporation of 7wt% MWCNTs 
only resulted in a nearly 86% increase in the thermal conductivity of the 
amorphous polyether-based PU. The continuous nanotube-rich phase and polymer 
crystallites nucleated at interface were two main factors for the effective reduction 
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of the interfacial phonon scattering. It convinces that latex technology will be a 
simple and promising route ahead to functional eNT/polymer composites. 
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Chapter 6 Study of thermal-induced crystalline interface for the load transfer 
in a carbon nanotube/polymer composite 
6.1 Introduction 
CNTs are known to have an extremely high Young's modulus of up to 1 TPa and 
tensile strength approaching 60GPa [2][10], which are considered to be ideal 
candidates for mechanical reinforcement of polymers [11]. Two issues needs to be 
considered in the development of highly strong CNT/polymer composites: (1) 
uniform dispersion of CNTs in polymer matrix; (2) a strong interface between 
CNTs and polymers. It seems the uniform dispersion of CNTs is not a big 
challenge any more in labs as chemically functionalised CNTs are widely used. 
How to form a strong interface between CNTs and polymers currently presents to 
be the biggest challenge in this field. The functional groups or macromolecules 
attached onto CNTs are capable of enhancing the compatibility between inorganic 
components (CNTs) and organic components (polymers) [91][106][145]. The 
covalent bonding between CNTs and polymers until now is commonly considered 
as a kind of strong interface for the load transfer. Very recently, Coleman and 
co-workers made significant efforts to understand the mechanism of the load 
transfer across the non-covalent interface. They found that a polymer crystalline 
layer nucleated by CNTs acted as an effective interface for the load transfer, which 
results in nearly 400% improvement in the Young's modulus ofPVA only with the 
incorporation of O.6vol% CNTs [147]. This finding was confirmed by the much 
lower reinforcement of a non-crystalline PVK with a similar CNT loading [147]. 
Coleman et aI's discovery has pointed a novel approach to engineer the 
non-covalent interface, which can lead to highly strong CNT/polymer composites. 
We noticed that Coleman et aI's discovery was only based on the composites 
prepared via the solution processing. In the solution system, flexible 
macromolecule chains could have enough time and space to organize well-ordered 
structure on the surface of CNTs and form an optimised crystalline layer during 
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slow drying of the solution. However, it is not clear how to fabricate an optimised 
crystalline layer around CNTs from polymer melts, although the nucleating role of 
CNTs in crystalline polymers has been commonly recognised. In this chapter, the 
crystallisation behaviour of polycaprolactone (PCL) in presence of CNTs with 
different thermal treatments was investigated, and we aimed to find out a proper 
thermal method to optimise the crystalline layer surrounding CNTs from PCL melt. 
The improvement in the Young's modulus of the CNTIPCL composites before and 
after the thermal treatment was also comparatively studied to disclose the role of 
the crystalline layer in the load transfer between stiff CNTs and soft polymers. 
6.2 Results and discussion 
6.2.1 Dispersion ofMWCNTs-OH in PCL matrix 
The preparation of the composites with good dispersion of CNTs is the first step in 
studying their structure-properties relationship. In this work, the solution method 
was used to prepare the MWCNT-OHIPCL composites, in which good dispersion 
of the nanotubes was firstly achieved in DMF. The characterisation of the stable 
MWCNT-OHIDMF dispersion has been revealed in chapter 3. Here, SEM 
technique was used to investigate the dispersion of the nanotubes in the PCL 
matrix. The SEM images shown in Figure 6.1 prove that the nanotubes are 
successfully incorporated into the PCL matrix at nanoscale level. However, with 
the incorporation of the 2wt% nanotube, some nanotube bundles can be obviously 
observed. So, the dispersion and distribution becomes worse with increasing 
incorporation of the nanotubes. 
6.2.2 DSC study of the crystallisation behaviour of MWCNT-OHlPCL 
composites 
In order to understand the formation process of the crystalline layers surrounding 
the nanotubes from the composite melts, DSC technique was used to study the 
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non-isothermal and isothermal crystallisation of the MWCNT-OHIPCL composites. 
Figure 6.2 shows the non-isothermal DSC curves of the MWCNT-OH/PCL 
composites. It can be seen that the crystallisation temperature of the PCL increases 
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Figure 6.1 SEM images of (a) PCL, (b) MWCNT-OH(O.1 wt%)IPCL composite, (c) 
MWCNT-OH(O.5wt%)IPCL composite, (d) MWCNT-OH(lwt%)IPCL composite 
and (e) MWCNT-OH(2wt%)IPCL composite 
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as the incorporation of the nanotubes increases up to 2wt%, which indicates the 
strong nucleating ability of the nanotubes. Table 6.1 shows the non-isothennal 
parameters including crystallisation temperature (Tc), melting temperature (Tm) 
and heat of fusion (8Hm). The biggest increase of Tc, nearly 11°C, was witnessed 
in the MWCNT-OH (2wt%)/PCL composite. The nucleating role of CNTs in 
crystalline polymers has been reported [183]. There is no doubt that the PCL 
crystallites can grow on the surface of the nanotube during the cooling process. 
But, it seems that the crystalline layer cannot be optimised at quick cooling rate. 
Tm and 8Hm shown in Table 6.1 were found to be almost unchanged, and even the 
shapes of melting peaks look quite similar. Coleman et al used the increase of 
crystallinity as a strong evidence to support the existence of the crystalline layer in 
CNTIPVA composites [14]. Different from solution-crystallization, the motion of 
polymer chains is more restricted in polymer melts. As the melts are cooled very 
quickly, it is difficult to achevie the optimisation of the crystalline layer although 
the nucleating behaviour of the nanotubes is very obvious. 
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Figure 6.3 DSC curves of heat flow vs temperature after completion of the 
isothermal crystallisation in the MWCNT(1 wt%)IPCL composite at three 
temperatures 
We do believe a slow crystallisation rate could facilitate the optimisation of the 
crystalline layer. In polymer melts, isothermal crystallisation is a common 
approach to slow down the crystallisation rate_ The isothermal crystallisation 
temperature generally should be carefully selected to ensure the isothermal 
crystallisation will not be affected by the non-isothermal crystallization_ Firstly, we 
used Tc as base point to select three appropriate temperatures to conduct the 
isothermal crystallisation for the MWCNT-OH(l wt%)IPCL composite. After 
melting pre-existing crystals at a high temperature nearly 85°C, the samples were 
cooled to the temperature set for the isothermal crystallization, which were 45°C, 
51°C, 53°C, respectively. After completion of the isothermal crystallization, the 
rescanning of the samples was performed at a heating rate of 5°C. The rescanning 
DSC curves are shown in Figure 6.3. It can be seen that the treating temperature 
of 51°C widens the melting peak and creates a small shoulder on left of the melting 
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peak in comparison with 45°C. Obviously, this small shoulder turns to a tiny peak 
as the isothermal crystallisation was conducted at 53°C. It is well-known that the 
lamellar thickness closely connects with the melting temperature. 
Thompson-Gibbs (TG) equation is proposed to describe the linear relationship 
between melting temperature and lamellar thickness. The detials of this equation 
were given in Chapter 4. The tiny peak could be attributed to the formation of a 
new lamellar structure belonging to the crystalline layer surrounding the nanotubes 
with short lamellar thickness. 
Figure 6.4 shows the DSC curves tracking the process of the isothermal 
crystallisation for the MWCNT(1 wt%)IPCL composite. Nearly half crystallisation 
has been completed when the sample approaches the treating temperature of 45°C. 
At higher temperature, the crystallisation rate slows down and the whole peak of 
the isothermal crystallisation can be seen in Figure 6.4. In combination with 
Figure 6.3, it indicates that the crystalline layer is formed in the early stage of the 
isothermal crystallisation due to the nucleating behaviour of the CNTs in the PCL 
matrix. As the treating temperature is more closed to the melting temperature, it 
was found that the isothermal crystallisation failed to complete due to the 
equilibrium between the crystallisation and melting. Therefore, it was considered 
that the treating temperature, 14°C higher than Te. was appropriate to induce the 
crystalline layer surrounding CNTs in the composite melts. Here, we named the 
condition of this thermal treatment as the "14°C" rule. The "!4°C" rule was also 
applied to other composites with different nanotube concentration. Figure 6.5 
shows the rescanning DSC curves (heat flow vs temperature) of the composites 
with different nanotube concentration after completion of the isothermal 
crystallization. It also can be seen that the area and position of the tiny peak on the 
shoulder of typical peak of PCL appears increasingly large as a function of 
nanotube concentration. A similar phenomenon was observed in CNTlPmPV 
composites by Ryan et al as well [184]. The crystallisation took place during the 
drying process of the CNTlPmPV solutions. In the DSC curve (first heating), they 
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attributed a new melting peak around 73°C that was higher than the typical 
melting peak of the PmPV to a more ordered crystalline conformation of the 
PmPV nucleated by the CNTs. After melting and quick cooling, the new melting 
peak was absent on the shoulder of typical melting peak in the second heating. 
This evidence also confirmed that the crystalline layer is not easy to be optimised 
at very quick crystallisation rate from polymer melts. 
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Figure 6.4 DCS curves of heat flow vs time for the 1 wt%MWCNT-OHlPCL 
composite, which are tracking the whole process of the isothermal crystallisation 
In our system, the increase of crystallinity was not found to be as a function of the 
nanotube concentration. The melting peaks of the PCL composites reflect two 
parts: (1) the crystalline layer associated with the nanotubes; and (2) the crystalline 
region not associated with the nanotubes. Coleman and his co-worker [14][147] 
viewed the increase of crystallinity as a strong evidence for the existence of the 
crystalline layer in the system of polymer solutions. Our results showed that the 
formation of the crystalline layer in a bulk polymer presented another way in 
comparison with polymer solutions. The area of new melting peak attributed to the 
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well-ordered crystall ine layer increased with increas ing nanotube concentration, 
but the crystall inity of the bulk polymer failed to increase. 
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Figure 6.5 DSC curves of the MWCNT-OHlPCL composites after completion of 
isothermal crystall ization. The isothennal crystallizations were performed based 
on the" 14°C" rule for all samples. 
Table 6.1 Crystallisation parameters in the MWCNT-OHIPCL composites. 
Tc(°C)[a) T",(°C) [a) t.Hm(J /g)[a) T",[b) t.Hn,(J/g)[b) 
PCL 28.7 58. 1 56.1 57.8 58.2 
O. I%CNT/PCL 32.1 58.1 56.2 59.8 59.9 
0.5%CNT/PCL 37.3 59.0 54.4 62.7 58.0 
I%CNT/PCL 39.1 58.4 58.9 62.8 58.6 
2%CNT/PCL 40.1 57.7 57.2 62.0 58.2 
[a) and [b) represents the crystalli sation parameters obtained from the 
non-isothermal and isothermal DSC curves, individuall y. 
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6.2.3 Morphological study of the PCL crystals in MWCNT-OH/PCL 
composites 
Polarised optical microscope (POM) was used to observe the morphology of the 
PCL crystals in the composites. Figure 6.6(a) shows a typical image of PCL 
spherulites with a cross-l ike extinction classicall y named "Maltese Cross" . In 
Figure 6.6(b-d), it can be obviously seen that the size of crystals is much smaller 
in the composites in compari son with pure PCL. This is due to the nucleating role 
of the nanotube is PCL matri x. In Figure 6.6(e) , it is interesting to see that the 
size o f PCL crystals in the MWCNT-OH(2wt%)/PCL composite is much bigger 
than that of the other composites, but smaller than that of pure PCL. Avrami 
equation [185] is a common iool to analyze the growth of crystals under 
isothermal condition. Generall y, Avrami equation is written as fo llowed: 
X (I) = I -exp(-Kt " ) (10) 
where X (t) is the relative crystallinity, t is the crystalli sation time, K is the kinetic 
rate constant depending on the nucleation and growth rate, and n is the Av rami 
exponent determining the shape of the growing crysta lline body. The relative 
crysta llinity X(t) can be ca lculated fo llowing the equation: 
X(t ) = A(t) ( 11 ) 
A(tota!) 
where A(t) is the partial area of the peak at a time t and A(total) is the total peak 
area. The relationship between X(t) and t is plotted in Figure 6.7. All data inside 
were fitted into Avrami equation using Origin software to obtain the values of n 
and K, as shown in Table 6.3. As mentioned, K relies on thenucleation and growth 
rate. 0. 1 wt% nanotubes increase the nucleation and growth rate nearl y by a factor 
of 20. In comparison with the curve belonging to pure PCL in Figure 6.7, the 
curve of the MWCNT-OH(O. I wt%)/PCL composite revea ls that its init ia l 
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Figure 6.6 Optical mIcroscopy Images of the (a) the PCL, (b) the 
MWCNT-OH(O. I wt%)IPCL composite, (c) the MWCNT-OH(O.5wt%)IPCL 
composite, (d) the MWCNT-OH( I wt%)/PCL composite and (e) the 
MWCNT-OH(2wt%)IPCL composite taken by built-in digital camera during the 
isothermal crystall isation that fo llows the " 14°C" rule for all samples. (20 )lm -) 
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crystallisation is faster before the crystallinity reaches 50%, and the crystallisation 
rate is slower after that. At low nanotube concentration, the nanotubes could be 
exfoliated into single nanotubes in the PCL matrix. It seems single nanotube with a 
diameter of 20-30nm plays significant nucleating role as an inorganic phase in the 
PCL matrix. Also, the mobility of polymer chains is slightly restricted by small 
amounts of the single nanobutes. With the more incorporation of nanotubes, the 
value of K presents a downturn trend, which even is smaller than that of pure PCL. 
Although the nucleating role of the nanotubes still works, the existence of the 
nanotubes significantly hinders the mobility of polymer chains to form the 
crystalline structure. 
Table 6.2 Relationship between Avrami exponent and shape of crystals [185][186] 
Crystallisation 
Avrami exponent Restriction 
mechanism 
Sporadic 4.0 
Spheres 3 dimension 
Predetermined 3.0 
Sporadic 3.0 
Discs 2 dimension 
Predetermined 2.0 
Sporadic 2.0 
Rods 1 dimension 
Predetermined 1.0 
Table 6.3 Values of parameters (n and K) in Avrami equation 
CNT weight fraction(%) n K 
0 2.94±0.03 0.00496±0.000029 . 
0.1 1.16±0.03 0.10942±0.00548 
0.5 1.55±0.02 0.00351±O.OO024 
1 1.87±0.OI 0.00035±O.00002 
2 2.04±0.O3 0.00027±O.00004 
121 
Chapter 6 Study of thermal-induced crystalline inter/ace for the load transfer in a carbon 
nanotubelpolymer composite 
As seen in Table 6.3, the value of n for PCL is nearly 3, which shows that the 
shape of PCL crystals is 2-dimentional discs. In presence of the nanotubes acting 
as preexisting nuclei, the predetermined nucleation solely dominates the 
isothermal crystallization. The shape of PCL crystals is significantly changes with 
the incorporation of 0.1 wt% nanotubes into PCL. It is reflected by the value of n 
and POM image (Figure 6.6(b». The value of n for the 
MWCNT-OH(O.I wt%)/PCL composite is close to I, which indicates that the shape 
of PCL crystals is transformed to rods. The PCL crystals might grow along with 
the axial direction nanotubes. The value of n increased with increasing 
incorporation of the nanotubes. The value of n is 1.55 and 1.87 for the composite 
with 0.5wt% and I wt% nanotubes, respectively, which reflects the mixed shape 
(rods and discs) of PCL crystals. The value of n for the 
MWCNT-OH(2wt%)/polymer composite rises up to 2.04, which indicates the disc 
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composites 
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shape of PCL crystals. This can be directly observed in the POM image in Figure 
6.6( e). This phenomenon could be explained by the worsening dispersion and 
distribution with increasing incorporation of the nanotubes that has been 
mentioned above. At high nanotube concentration, the nanotubes tend to aggregate 
to form nanotubes bundles in the PCL matrix, possibly resulting in the separation 
between the nanotubes and PCL matrix. This could explain why the shape of 
PCL crystals gradually recovered to disc-like shape from needle-like shape with 
higher incorporation of the nanotube than 0.1 wt%. 
6.2.4 Understanding of the contribution of the crystalline layer surrounding 
CNTs to the Young's modulus of CNT/polymer composites 
(1) Physical mechanism of the load transfer across the well-ordered 
crystalline layer 
The improvement in the Young's modulus of CNT/polymer composites generally 
is used to measure the efficiency of the load transfer across the interface between 
CNTs and polymer matrix. The macromolecule chains covalently attached to the 
surface of CNTs and the crystalline layer around CNTs are commonly considered 
as two types of effective interfaces for the load transfer. Theoretically, Krenchel's 
rule of mixture is usually used to predict the mechanical enhancement if CNTs 
perfectly bond to the matrix [14]. The difference between theoretical prediction 
and experimental values gives a clue to understand the transferring efficiency of 
the interface. Generally, Krenche1's rule of mixture for predicting the Young's 
modulus of CNT/polymer composites is written as: 
Where Yc, YN and Yp are the Young's modulus of the composite, CNTs, and 
polymer matrix, respectively, Vf is the nanotube volume fraction in composites, 
and 110 and 11 I are efficiency factors related to fibre orientation and length. The 
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theoretical in-plane value of 110 is equal to 3/8 as the nanotubes randomly distribute 
in the plane of composite films. The fibre length efficiency factor is given by 
Cox's equation: 
Tanh(/'ff(3 ) 
71, = I __ --:--,2=____ 
I'ff 
2 
(13) 
Where leff is the nanotube effective length and 11 is given by 
(3= -4G (14) 
where R is the nanotube radius, V f is the nanotube volume fraction, and G is the 
polymer shear modulus which was found using the expression: G = Y / 2(1 + v) , 
where v is the Possion's ratio. 
Coleman et al [14] experimentally found the contribution of the crystalline layer 
surrounding CNTs to the enhancement in the Young's modulus of CNTIPVA 
composites. Fitting the experimental values into the Krenchel's rule was of being 
failure. It was in agreement with the previous recognition that Krenchel's rule was 
not suitable for predicting the mechanical enhancement of CNT /polymer 
composites. This is because a perfect interface is assumed in the Krechel's rule. 
In order to understand the fundamental mechanism of the load transfer across the 
imperfect interface, a simple model was developed by Coleman et al [187] to 
describe the ordered assembly of polymer monolayers on the surface of CNTs. In 
this model, two energetically competing factors were considered in this model to 
calculate the amount of energy required to wrap polymer strands around a 
nanotube: (I) the van der Waals-based binding energy between the nanotubes and 
polymer strands; and (2) the elastic-energy cost required to bend the polymer 
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strands. The binding energy per unit length of polymer is angle independent and 
given by B=-crco, where co represents the width of a semi-flexible continuous stripe 
(polymer) and cr is a measure of average binding energy per unit polymer. In terms 
of the elastic energy cost named coiling energy C, it can be deifned as C=DK2, 
where D is the stiffness constant of the polymer and K=sin291R is the respective 
curvature of its helicoidal path. The stiffness constant relates to the so-called 
persistence length Lp of the polymer following D=LpkbT, kbT is the thermal energy. 
Conclusively, for a single polymer strand, the total energy per unit iength of 
polymer was written as followed: EJ(9)=B+C=-crco+ Dsin49/R2. 
Considering the situation of many polymer strands wrapping around the nanotube, 
the binding and coiling energies were scaled up with the number of the strands. 
Based on the geometrical constraint as seen in Figure 6.8, the maximum number 
of strands covering the nanotube is constrained to be m=INT(21tRcos9/co), where 
INT(x) stands for the integer part of the argument x. The dimensionless 
angle-dependent coverage is defined as ~(9)=mco/(21tRcos9), which corresponds to 
a) 
21tR 
tan e 
21tR 
Figure 6.8 (a) Schematic representation of a single polymer strand coiling along 
the axis of a nanotube. (b) In the two-dimensional depiction, the unwrapped tube is 
represented by an infinitely long stripe of width 21tR and the coiling angle 9 
defines a unit cell of length 21tRltan9. The black stripe of width co symbolizes the 
polymer strand [187]. 
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Figure 6.9 (a) Total energy as a function of the coiling angle e for PA (solid line) 
and PmPV (dashed line) wrapped around a Inm long nanotube of 1.3nm diameter. 
(b) Corresponding probability density. The parameter for PA and PmPV are 
cr=378meV/nm2; co=0.48nm; D=32.5meVnm and cr=770meV/nm2; co=2.1nm; 
D=250meVnm, respectively [188]. 
the proportion of the unit-cell surface that is maximally covered by the polymer 
strands with a width of co. As a function of the angle e, the coverage intermittently 
reaches 100% whenever the unit-cell surface area is an integer multiple of the 
surface area of one polymer strand. In both ends of the nanotube, this 
full-coverage configuration is then followed by a discontinuous change in ~(e), 
which means that some polymer strands partially fit onto to the wall of the 
nanotube. The total energy per unit length of the nanotube was written as Ec(e)= 
(21tR~(e)1 co) E,(e). Figure 6.9 shows the total energy E as a function of e for a 
nanotube (diameter:1.3nm; length:1nm) coated with polyacetylene (solid line) and 
PmPV (dashed line), respectively. For narrow polyacetylene strands (co=0.48nm), 
small variations on the coverage and total energy are disclosed, which indiCate 
narrow polymer strands do not have any clear preferential coating angle. For wide 
PmPV strands (co=2.1 nm), the much larger fluctuations present two distinct energy 
minima as a function of e (48° and 70°). Coleman et al proposed this simple model 
to clarify the templating mechanism of CNTs for polymer stands. Energetically, 
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polymer strands are templated on the surface of CNTs following a favourable 
coiling angle due to geometric constraints. The coiling angle is relevant to the 
stiffness of polymer strands and the diameter ofCNT. For amorphous coating (soft 
polymer strands), the coverage of nanotube lattice is less ordered and never can 
reach 100% in comparison with crystalline coating (stiff polymer strands). This 
model suggested that the load transfer was determined by only a fraction of 
polymer layers templated on the surface ofthe nanotube, and more coverage of the 
nanotube by polymer layers would result in better load transfer. 
On the base of this finding, Coleman and co-workers [188] proposed a modified 
Krenchel's rule of mixture to predict the improvement of Young's modulus. In this 
model, a templating fraction T r defined by averaging over all possible coiling 
angles was introduced, which reflected the percentage of polymer stands 
experiencing the stiffness of nanotubes. The modified Krenchel's rule of mixture 
was written as followed: 
where YN and Ypare the Young's modulus ofCNTs and polymers, respectively, Vr 
is the nanotube volume fraction in composites and the coefficient 11=3/8 accounts 
for the random distribution ofCNTs in the plane of polymer films. Trwas found to 
be a function of the natural bond length of polymer strands and nanotube radius. It 
was mentioned that the selection of a reliable way to calculate T r was very 
important to make a good prediction for the improvement of Young's modulus. We 
noticed that the disagreement between experimental and predicted values was stilI 
obviously. It could be attributed to the difficulty in obtaining an accurate value of 
Tr. 
However, their theoretical study gave us a clue to propose an empirical equation 
for the prediction of the Young's modulus of the CNT/polymer composites with a 
crystalline interface induced by CNTs. In the empirical equation, a coefficient was 
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introduced to Krenchel's rule of mixture in order to general describe the degree of 
mismatch between the stiffer nanotubes and the softer polymer matrix (imperfect 
interface). The modified Krenchel's rule of mixture could be written as follows: 
Where YN and Ypare the Young's modulus ofCNTs and polymers, respectively, Vr 
is the nanotube volume fraction in composites. rjJ is the coefficient of load 
transfer between CNTs and polymer matrix. According to Coleman's theoretical 
study, we considered that rjJ might have potential connection with Young's 
modulus of polymers since Coleman's theoretical study revealed that stiffer 
polymer strands could have more coverage on the surface of CNTs, which lead 
more fractions of polymer strands to join in the load transfer. In the published 
literature, it has been reported that an optimised crystalline layer surrounding 
CNTs was successfully formed in PVA [14], CIPP [14] and polyester-based PU 
[73]. These satisfied samples which were well thermal treated for forming the 
crystal layer surrounding CNTs were selected to disclose the relationship between 
rjJ and the Young's modulus of polymers. According to published value of 
dYc/dVf disclosed in these three polymers, the calculation of rjJ was performed 
as Y N was taken as lTPa. The values of rjJ are displayed in Table 6.4. As the 
variation of rjJ against Ypwas plotted in Figure 6.10, the relationship between rjJ 
and Y p could be empirically generalized as followed: 
Figure 6.11 gives a comparison of experimental values of Young's modulus with 
the predicted values by the empirical equation for the CNT/PVA, CNT/CIPP and 
CNT/polyester-PU composites. It can be found that the empirical equation can 
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Table 6.4 Values of the Young's modulus (Yp) and the coetlicient (fjJ) for PVA, 
CIPP and polyester-based PU in published literatures 
Polymer 
PVA [14] 
CIPP [14] 
Polyester-based PU[73] 
1.0 
cI>=o.399(GPa·')Yp 
0.8 
..g. 0.6 
oS 
C 
Cl) 
'u 
is 
0 
0.' 
() 
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0.0 
0.0 0.5 
Yp(GPa) 
1.92 
0.22 
0.007 
1.0 1.5 
0.75592±0.09292 
0.07202±0.00772 
0.00359±0.00021 
2.0 
Young's modulus of polymers, Yp (GPa) 
Figure 6.10 Relationship between the coefficient (fjJ) and the Young's modulus of 
polymers (Y p) 
predict the enhancement of the Young's modulus for these three composites. It can 
be concluded that higher Young's modulus of semi-crystalline polymer is, higher 
the coetlicient of load transfer and lower mismatch between CNTs and polymer 
matrix. This empirical relationship is only valid for the CNT/semi-crystalline 
polymer composites with an optimised crystalline layer surrounding CNTs. Figure 
6.12 provides a comparison of the Young modulus of a CNTIPVA composite 
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without an optimised crystalline layer surrounding CNTs with the prediction. It is 
clear that the optimised crystalline layer surrounding CNTs for reducing the 
mismatch between CNTs and polymer matrix is extremely important. 
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Figure 6.11 Comparison of experimental data with the model prediction for and" 
the CNT/polyester-based PU and the CNTIPVA composites with an optimised 
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Figure 6.12 Comparison of experimental data with the model prediction for the 
CNTIPVA composites without an optimised crystalline layer surrounding CNTs. 
The experimental data are provided from the reference [188]. 
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(2) Comparative study on the Young's modulus of MWCNT-OHIPCL 
composites before and after thermal treatments 
In order to study the effect of the crystalline layers on the load transfer in this 
system, the Young's modulus of the PCL composites were obtained from the 
stress-strain curves. Two groups of samples for tensile testing were prepared by the 
compression moulding. Group A was prepared under very quick cooling rate 
(Untreated). The preparation of Group B followed the process of the isothermal 
crystallisation at the treating temperatures that are 14°C higher than Tc (thermally 
treated). Figure 6.13 shows the Young's modulus of the PCL composites as 
function of nanotube volume fraction. Nanotube volume fraction was calculated 
from nanotube weight fraction based on the density of the nanotubes (2.15g/cm3) 
and the PCL(l.05g/cm\ It can be seen that the improvement in the Young's 
modulus of the thermally treated composites is higher than that of untreated 
720,-----------r------------. 
0.000 
, 
, 
f 
0.002 
, 
, 
0.004 0.006 0.008 
Nanotube volume fraction 
0.010 
Figure 6.13 Young's modulus of the MWNCTIPCL composites as a function of 
the nanotube volume fraction (_: the thermally treated composites; e: the 
untreated composites) 
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composites. It indicates that the load transfer has been enhanced by the thermal 
treatment. According to the empirical equation above, the coefficient of interfacial 
load transfer t/I could be calculated to be around 0.10374 (the Young's modulus 
of the PCL was taken as 260 MPa) if an optimised crystalline layer surrounding 
CNTs is formed. In Figure 6.13, the dash line shows the theoretical prediction by 
the empirical equation as t/I was taken as 0.10374. The gap between theoretically 
predicted and experimental values can be obviously seen. It discloses that the 
crystalline layer was thickened but not optimised as the compression moulding 
was used for the thermal treatment. This is because it was difficult for the 
compression moulding with an open system to provide a stable and accurate 
temperature for the thermal treatment. So it is difficult to exactly repeat the whole 
process of the isothermal crystallisation obtained by DSC in the compression 
moulding. The scanning of the samples prepared by the compression moulding 
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Figure 6.14 DSC curves (a) of heat flow vs temperature as a function of the 
nanotube weight fraction. The samples are prepared using the compression 
moulding following the" 14 °C"rule. 
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was also performed in DSC to detect the existence of the crystalline layer. In the 
DSC curves shown in Figure 6.14, the tiny peak relating to the crystalline layer is 
not clear in comparison with that in Figure 6.5. Only a small shoulder is observed 
on the left of the melting peak. The coating thickness was roughly measured using 
built-in bar in the SEM images shown in Figure 6.15. Considering the nanotube 
diameter is 20-30nm, it is found that that the coating thicknesses of the crystalline 
layers are not uniformly created using the compression moulding especially at 
high nanotube concentration, and most of the crystalline layers have a thickness of 
less than 20nm. In the system of the PVA, CIPP and polyester-based PO, it was 
disclosed that an optimised crystalline layer could be around 20nm [14][73]. From 
the DSC and OM analysis above, it was disclosed that the 0.1 wt% naotubes 
imposed most significant influence on the crystallisation rate and crystalline 
morphology. Here, the SEM image in Figure 6.15(a) shows the coating thickness 
uniformly grows to nearly 20nm at 0.1 wt% nanotube. It was considered that the 
low incorporation of nanotubes could result in the ideal dispersion and slightly 
restrict the mobility of polymer chains. These two factors could make the growth 
of the crystalline layer surrounding the nanotubes easier even if the thermal 
environment of the compression moulding was not as "perfect" as DSC. That 
could be why the improvement of the Young's modulus followed the theoretical 
prediction very well at low incorporation of the nanotubes, and the gap between 
theoretical and experimental values was bigger for the higher incorporation of the 
nanotubes. 
6.3 Conclusions 
In this work, the MWCNT-OHIPCL composites were prepared using solution 
method. It was found that the thermal treatment (or isothermal crystallization) was 
a feasible approach to form the crystalline layer surrounding the nanotubes in PCL 
melts. The Young's modulus of the PCL composites was studied to understand the 
contribution of the crystalline layer to the load transfer between the CNTs and the 
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PCL matrix. We considered several conclusions could be drawn in this chapter 
finally: (I) the good dispersion of the MWCNTs-OH in the PCL matrix was 
achieved, however, the dispersion worsened with the incorporation of the 
nanotubes reached 2wt%; (2) the non-isothermal crystallisation showed that the Tc 
increased with increasing incorporation of the nanotubes, and the T m and tiHm 
were almost unchanged. The Tc of PCL increased by -11°C with the incorporation 
of 2wt% nanotubes; (3) the isothermal crystallisation showed the temperature, 
14°C higher than the Tc. was an appropriate one to optimise the crystalline layer in 
a 
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Figure 6.15 SEM images of the (a) MWCNT-OH(O.1wt%)/PCL composite, (b) 
MWCNT-OH(0.5wt%)/PCL composite, (c) MWCNT-OH(lwt%)/PCL,composite 
and (d) MWCNT-OH(2wt%)/PCL composite. All samples are prepared in the 
compression moulding following the" 14°C" rule. 
the composite melts; (4) the DSC and OM studies showed that the incorporation of 
0.1 wt% nanotubes significantly affected the rate of crystal growth and crystalline 
morphology. For more incorporation of the nanotubes, the rate of crystal growth 
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and crystalline morphology was less affected; and (5) the contribution of the 
crystalline layer to the load transfer was disclosed via the comparative study of the 
improvement in the Young's modulus of the composites before and after the 
thermal treatment. 
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7.1 Introduction 
Carbon nanotubes (CNTs) have been considered as an ideal nanofiller to improve 
the mechanical [14][91], electrical [6][7] and thermal properties [27] of polymers. 
Very recently, the role of CNTs in polymer composites is strongly challenged by 
much cheaper graphene sheets, which have similar properties to CNTs [17][189]. 
It is very difficult to strip graphene sheets from graphite due to the strong bonding 
between the sheets. Introduction, by means of strong oxidation, of oxygenated 
groups into graphite can reduce this mutual bonding, allowing the exfoliation of 
graphite oxide (00) in water by assistance of ultrasonication [190]. However, it 
has been found that 00 carrnot be exfoliated in organic solvents. Stankovich et al 
[191] used phenyl isocyanate to terminate oxygenated groups in 00 and achieved 
single layer isocyanate-functionalised graphene sheets in DMF. Furthermore, 
Stankovich et al [192] yielded a homogenous dispersion of the 
isocyanate-functionalised graphene sheets in polystyrene solution, chemically 
restored the destructive carbon structure of the isocyanate-functionalised graphene 
sheets by hydrazine in polystyrene solution, and obtained electrically conductive 
polystyrene composites with a percolation threshold of 0.1 vol%. McAllister et al 
[193] found that pre-treatment of 00 by rapid thermal expansion can facilitate the 
exfoliation of the 00 in an organic solvent. Ramanathan et al [15] found that these 
exfoliated graphite oxide sheets significantly improve the glass transition 
temperature of PMMA, and show a strong capability in the reinforcement of 
PMMA. Expandable graphite (EO), known as a graphite intercalation compound, 
is produced by intercalating sulfuric acid into natural flaked graphite via chemical 
or electro-chemical processes. It can expand up to a hundred times in volume at 
high temperature. Our previous report [194] disclosed that the 00 prepared by the 
oxidation of EO can be exfoliated into graphite oxide nanopiateiets (OONPs) in 
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DMF by ultrasound directly. This type of GO was specifically called expandable 
graphite oxide (EGO) in order to differentiate it from the GO prepared from 
natural graphite. In this chapter, this new method was introduced. With this 
method, it is not difficult to prepare GONP/polymer composite with good 
dispersion of the GONPs in polymer matrix. 
As discussed in the chapter of literature review, the strong interface generally 
includes non-covalent interface (the crystalline layer surrounding the nanofillers) 
and covalent interface (chemical bonding). Similar to last chapter, we firstly 
selected semi-crystalline PCL as polymer matrix to explore if a crystalline layer 
could be formed on the surface of the GONPs from the GONPIPCL melt under a 
specific thermal treatment. The relationship between this non-covalent interface 
and the mechanical performance of the composites was investigated. Oxygenated 
groups attached to the GONPs cannot only facilitate the dispersion but also 
provide active sites to form chemical bonding that is an ideal interface between the 
GONPs and appropriate polymers. PU is an appropriate polymer that can form the 
chemical bonding with the GONPs via the reaction between isocyanate groups in 
the end of PU chains and oxygenated groups on the GONPs. Therefore, another 
aspect of this chapter is to engineer a covalent interface between a 
NCO-terminated PU and the GONPs and investigate its contribution to the 
mechanical performance of the GONPIPU composites. 
7.2 Results and discussion (Part A): characterisation of GONPs 
The board scan XPS spectra of EG and EGO are shown in Figure 7.1. The 
elemental analysis illustrates that C/O atomic ratio (12.9) ofEG is higher than that 
(2.7) of EGO, which confirms that oxidation of EG is successfully conducted by 
the Hummers method. The C 1 s XPS spectra of EG and EGO demonstrated in 
Figure 7.2 also can confirm the degree of oxidation. The C Is XPS spectrum of 
EG can be split into two peaks locating at 285eV and 287eV, respectively. 
Similarly, the C 1 s XPS spectrum of EGO is split into three peaks (285e V, 287e V, 
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and 288eV). The peaks at 285eV, 287eV and 288eV are attributed to carbon atoms 
in different functional groups including the non-oxygenated ring C, the C in c-o 
bond and carbonyl C in C=O bond, correspondingly. It is calculated that weight 
percent of non-oxygenated C in EG (90.1%) is lower than that (58%) in EGO, 
which also can indicate the degree of oxidation. 
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Figure 7.1 Broad scan XPS spectra ofEG (A) and EGO (B) 
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Figure 7.2 C 1 s XPS spectra of EGO CA) and EGO CB) 
Figure 7.3 shows digital pictures of the EG/DMF and EGO/DMF dispersions with 
a same concentration of IOmg/g taken after two months. In the EGIDMF 
dispersion, all EG powder is clearly observed to precipitate at the bottom of the 
glass container after ultrasonic treatment. It was found that the EGO/DMF 
dispersion can be long-term stabilized, and even there was no precipitates 
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appeared at the bottom of the glass container. The digital pictures are the 
hand-touched evidence to prove the possibility that the EGO is able to be fully 
exfoliated in the organic solvent. Transmission Electron Microscopy (TEM) was 
employed to observe the existence of the GONPs in DMF. From the TEM images 
demonstrated in Figure 7.4, it can be seen that the EGO was fully exfoliated into 
the GONPs by ultrasonic treatment. Rouff et al used atomic force microscopy to 
identify the thickness of both GONPs in water and chemically modified GONPs in 
organic solvent as -lnm [191]. In the TEM images, the thickness of the GONPs 
cannot be exactly measured, but can be roughly identified as several nanometres. 
Interestingly, the structure of exfoliated GONPs is observed as well in TEM 
images. Since the edge of the GONPs layers is observed to be folded, toughness of 
the GONPs is confirmed to be extremely high. From the folded edge of the 
GONPs in the high magnification TEM images, the thickness of the GONPs can 
be estimated to be several nanometres. 
Regarding the exfoliation of GO in organic solvents, Stankovich et al [191] 
assumed that strong hydrophilicity and interlayer hydrogen bonds formed by 
oxygen groups attached to neighboring layers of GO could prevent the entrance of 
organic solvent molecules into interlayer space of GO not as water. Based on this 
assumption, reaction between organic isocyanate and hydroxyl groups was applied 
to chemically treat GO, which results in the decrease of hydroxyl groups in GO. 
With the assistance of ultrasonic treatment, isocyanate-treated graphite oxide can 
be fully exfoliated in polar organic solvents. 
EG consists of carbon layers intercalated by sulfuric acid, which is also named as 
graphite intercalation compounds [195]. Expandable graphite is made from natural 
flake graphite treated by chemical or electro-chemical process [195]. It has been 
reported that d-spacing of expandabie graphite can be increased in comparison 
with natural graphite due to intercalation of a variety of atoms and molecules 
[196][197]. Compared to nature graphite, it is reasonably assumed that oxidant 
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Figure 7.3 Digital pictures of expandable graphite IDMF (left) and expandable 
graphite oxide IDMF dispersions (right). 
used in Hummers method can enter into interlayer space of EG more easily. 
Combined with the original intercalated oxidant such as sulfuric acid, EG is 
supposed to be introduced more functional groups into the inner galleries between 
carbon layers than natural graphite. The functional groups inside galleries and 
increased d-spacing presumably make the graphite oxide prepared by EG more 
accessible to organic solvents without any chemical treatment. 
Figure 7.5 shows the XRD patterns ofEG powder (Short Dash Dot), EGO powder 
(Short Dash) and EGO/DMF dispersion (Solid). The diffraction peak at about 
29=10.9° corresponding to the (001) plane reflection of GO is lower than the 
diffraction peak at about 29=26° to EO, which confirms the successful oxidation of 
EG as well as the XPS results. From comparison between the X-ray diffraction 
patterns of EGO powder and EGOIDMF dispersion, it could be concluded that 
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EGO has been fully exfoliated in DMF due to the absence of diffraction peak of 
EGO. 
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Figure 7.4 TEM images of exfoliated graphite oxide nanoplatelets in DMF 
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GONPIDMF dispersion 
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7.3 Results and discussion (Part B): GONPIPCL composites 
7.3.1 Uniform dispersion of GONPs in PCL matrix 
The fully exfoliation of the GONPs in DMF had been discussed above. The SEM 
images shown in Figure 7.6 prove that the GONPs are successfully incorporated 
into PCL matrix at nanoscale level. However, it has to point out that, it is very 
difficult to achieve single layer graphene sheets with I nrn thickness in PCL matrix 
although the fully exfoliation has been done in the organic solvent. 
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Figure 7.6 SEM images of the GONP(O.lwt%)IPCL composite (a), the 
GONP(O.5wt%)/PCL composite (b), the GONP(lwt%)IPCL composite (c) and the 
GONP(2wt%)IPCL composite (d) 
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7.3.2 Non-isothermal crystallisation of GONPIPCL composites 
The non-isothermal DSC curves of the GONPIPCL composites are shown in 
Figure 7.7, in which it can be seen that the crystallisation temperature (Tc) of PCL 
is increased as the addition of GONPs increases up to 2wt%. Table 7.1 presents all 
data collected from the DSC curves including the crystallisation temperature (Tc), 
melting temperature (T m) and fusion of heat (~H). The Tc of PCL displays a big 
increase by -9°C as 2wt% GONPs is incorporated. The T m and ~H of all 
composites were found to be almost unchanged. Non-isothermal crystallisation 
kinetics was further analyzed based on the crystallisation peaks in DSC 
curves(Figure 7.7), whose results are shown in Figure 7.8. It can be seen that the 
non-isothermal crystallisation rate of the GONPIPCL composites gradually slows 
down with increasing incorporation ofthe GONPs. Therefore, it is clear to see that 
the GONPs can act as nucleating agents in the semi-crystalline PCL, and the 
GONPs impose strong restriction on the mobility of polymer chains to form 
crystalline structures. These results were similar to those found in the CNTIPCL 
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Figure 7.7 Non-isothermal crystallisation of the GONPIPCL composites 
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composites. We considered that the quick cooling rate could be the reason for the 
failure of forming the crystalline layer on the surface of the GONPs although the 
nucleation of the GONPs was obvious. The following investigation would focus 
on the isothermal crystallisation of the GONPIPCL composites with slower 
crystallisation rate in comparison with the non-isothermal crystallization. 
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Figure 6.8 Non-isothermal crystallisation kenetics of the GONP/PCL composites 
Table 7.1 Non-isothermal crystallisation parameters of the GONPIPCL composites 
PCL 
0.1 %GONPIPCL 
0.5%GONPIPCL 
I%GONPIPCL 
2%GONPIPCL 
Tc(°C) 
28.7 
33.1 
34.0 
35.7 
37.8 
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Tm(°C) 
58.1 
57.42 
57.11 
57.69 
57.25 
~H (Jig) 
56.1 
57.5 
57.6 
58.2 
58.4 
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7.3.3 Isothermal crystallisation of GONPIPCL composites 
In chapter 6, it had been revealed that the isothermal crystallisation under a 
specific temperature could create a polymer crystalline layer surrounding the 
nanotubes in the composite melts. The nucleating ability of the nanotubes is the 
original cause of this phenomenon. Non-isothermal crystallisation analysis above 
disclosed that the GONPs can take the nucleating role in the PCL as well as the 
nanotubes, but the nucleated crystalline layer cannot be optimised at very quick 
cooling rate in the GONP/polymer composites. Here, we did a similar study on the 
isothermal crystallisation of the GONP/polymer composites. Based on the Tc, three 
temperatures were selected to do the isothermal crystallisation to find out an 
appropriate crystallisation temperature to optimise the crystalline layer on the 
surface of the functionalised graphene sheets, which were 42°C, 49°C and 52°C. 
As shown in Figure 7.9, it can be seen that a new peak on the shoulder of the 
o 
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o 20 40 
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Figure 7.9 DSC curves of heat flow vs temperature after completion of the 
isothermal crystallisation of the GONP(2wt% )IPCL composite at three 
temperatures 
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Figure 7.\0 DSC curves of the GONPfPCL composites a fter completion of 
isothermal crystallization. The isothermal crystalli zations were performed based 
on the " 14°C" rule for all samples. 
melting peak appears increas ingly big as the treating temperature increases, which, 
as we di scussed before, could be attri buted to the fo rmation of the crystalline layer 
with a certain thickness the surface of the graphene sheets. It is interesting to find 
out that the" 14°C" rule could be suitable for optimising the crystalline layer in the 
GONP-PC L interface. As the " 14°C" rule was applied to thermally treat other 
GONPfPCL composites, Figure 7.10 shows the DSC curves (heat now vs 
temperature) of the GONPfPCL composites after the thermal treatment. It also can 
be seen that the area of the tiny peak on the shoulder of typical peak of PCL 
appears increasingly large as a functi on of GONP concentration. Table 7.2 shows 
the ~H and T m obtained from the rescanning DSC curves after the completion of 
the isothermal crystallization. Considering the crystallinity X;; = ~Hf~Ho (~Ho is 
the heat of fusion for 100% crystallisation of PCL, which was taken as 136Jfg 
[1 98]), Figure 7.11 shows nearly linear increase in the crystallinity (X;;) with the 
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incorporation of the GONPs in the range of 0% and 1 wt%. At 2wt% GONPs, the 
worsening dispersion could be reason that Xc fails to follow the linear increase. 
Conclusively, DSC study on the non-isothennal and isothennal crystallisation 
showed that the crystalline layer could be thennally induced on the surface of the 
2D graphene sheets under a specific thennal treatment. It is interesting to see all 
these phenomena have been similarly observed in the CNT/polymer composites. It 
seems that the "14°C" rule is suitable for this PCL material to fonn optimised 
crystalline layers on the no matter 1 D nanotubes or 2D graphene sheets from the 
composite melts. The difference between two systems is that the crystallinity of 
the CNTIPCL composites does not increase with increasing incorporation of the 
CNTs. This could be attributed to the dimensional difference between 1 D nanotube 
and 2D graphene sheets. In chapter 6, templating mechanism of CNTs for polymer 
strands was discussed. We considered that the templation of polymer strands on 
the surface of 2D graphene sheets could be different although the theoretical study 
in this field has not been disclosed. The theoretical investigation on the templating 
mechanism of 2D graphene sheets is not in the scope of this thesis. The following 
studies using OM and DSC experimentally disclose the effect of 2D graphene 
sheets on the morphology of the PCL crystals, which is different from that of 1 D 
nanotubes. 
Table 7.2 Isothennal crystallisation parameters of the GONPIPCL composites 
PCL 
0.1 wt%GONPIPCL 
O.5%GONPIPCL 
1 wt%GONP/PCL 
2wt%GONP/PCL 
~H(J/g) 
58.2 
63.5 
64.1 
71.7 
72.6 
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60.0 
60.4 
61.1 
61.1 
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Figure 7.11 Relationship between the crystallinity (Xc) and GONP concentration 
(wt%). Straight line is for eye guide. 
7.3.4 Morphological study of the PCL crystals in GONPIPCL composites 
Polarised optical microscope (POM) was used to observe the morphology of the 
PCL crystals in the composites, which is shown in Figure 7.12. In Figure 7.12b, it 
can be seen that the morphology of the PCL spherulites is slightly affected with the 
incorporation of O.lwt% GONPs. In Figure 7.12 (c-e), it can be obviously seen 
that the size of crystals is much smaller in the composites in comparison with the 
pure PCL, which is due to the nucleating role of the GONPs in PCL matrix. It is 
interesting to see that 0.1 wt% GONPs does not impose the most significant 
influence on the morphology of the crystals, which is different. from the 
CNT-based composites. We considered it could be result of the geometrical 
difference between the graphene sheets and nanotubes, and the long 1 D nanotubes 
show stronger nucleating ability than wide 2D graphene sheets. Here, we also used 
Avrami equation which was introduced in chapter 6 (Page 119) before to analyze 
the kinetics of the isothermal crystallisation The relationship between X(t) and t is 
!5! 
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Figure 7.12 Optical microscopy images of the (a) PCL, (b) GONP(O.lwt%)IPCL 
composite, (c) GONP(O.5wt%)IPCL composite, (d) GONP(lwt%)IPCL composite 
and (e) GONP(2wt%)IPCL composite taken by built-in digital camera during the 
isothermal crystallisation that follows the" 14°C" rule for all samples. (20llm-) 
plotted in Figure 7.13. All data inside were fitted into Avrami equation using 
Origin software to obtain the values of nand K, as shown in Table 7.3. The 
decrease in K obviously confirms that the incorporation of the GONPs slow down 
. the growth rate of crystals, although the GONPs act as nucleates in the PCL matrix. 
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Table 7.3 Avrami parameters (n and K) of the GONPIPCL composites 
PCL 
0.1 %GONPsIPCL 
O.5%GONPsIPCL 
I %GONPs/PCL 
2%GONPsIPCL 
1.0 
0.8 
0.6 
u 
~ 
0.4 
0.2 
n 
3.03±0.01 
2.71±0.02 
2.57±0.01 
2.41±0.01 
1.75±0.00 
K 
0.00389±0.0001 
0.00061±0.00003 
O. 00099±0. 00003 
0.00046±0.00002 
O.00084±0.OOOOO 
• 0% GONPs 
• 0.1wt% GONPs 
A 0.5wt% GONPs 
" 1wt% GONPs 
.\~ 2wt% GONPs 
0.0 -F-"'---'~--r~--r~-r~---r~--'-,~~r-~'-~.,.-l 
o m ~ W W 100 1m 1~ 1W 1W 
Time(min) 
Figure 7.13 Relative crystallinity 'Xl; as a function of time for the GONPIPCL 
composites 
This supports the kinetic of the non-isothermal crystallization. We considered that 
the strong restriction of 2D graphene sheets on the mobility of polymer chains is 
the result of slowing down the growth rate. n overall decreases with increasing 
incorporation of the GONPs. As the incorporation of the GONPs is below I wt%, 
the value of n is always above 2, which indicates the shape of crystals is like disc. 
At 2wt% GONPs, the value ofn is around 1.75, which reflects the mixed shapes of 
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crystals (rod and disc). It indicates that a part of crystals grow in one-dimensional 
direction along the surface of the functionalised graphene sheets. Again, it is 
interesting to see the difference in the crystallisation behaviour between the 
CNT-based and GONP-based composites as the nanotubes could be considered as 
the rolling-up of the graphene sheets. 
7.3.5 Comparative study on the Young's modulus of the GONPIPCL 
composites before and after the thermal treatments 
Two groups of samples for tensile testing were prepared by hot compression. 
Group A is prepared under very quick cooling rate (Untreated). The preparation of 
Group B followed the process of the isothermal crystallisation under the preset 
temperatures, 14°C higher than Tc (thermally treated). Figure 7.14 shows the 
Young's modulus of PCL composites as a function of GONP weight fraction. It 
can be seen that the improvement in the Young's modulus of thermally treated 
composites (e) is higher than that of untreated composites (_), which could 
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Figure 7.14 Young's modulus of the GONPIPCL composites as function of GONP 
weight fraction. _ represents the samples without the thermal treatment; e 
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experimentally indicate that the crystalline layer on the surface o f the GON Ps 
makes signi ficant contribut ion to the load transfer. The Young's modulus of the 
treated composite with 2wt% GON Ps increases by nearly 64% and the untreated 
one di splays a nearly 32% increase in the Young's modu lus. The improvement in 
the Young's modulus almost doub led a fter the thermal treatment. Phys ica l 
mechanism of the load transfer across the crysta lline interface between the CNTs 
and polymer matrix had been deta iled di scussed. Here, we found th is transferring 
mechanism is available to explain the higher improvement in the Young's modulus 
of the GONP/PCL composites with an optim ised crystalline interface. The samples 
treated in compression moulding were also scanned using DSC at a heat rate of 
SoC. The DSC curves in Figure 7.15 show, to some extent, the simi larity with the 
DSC curves in Figure 7.10. The similarity is placed on the small melting peak 
attributed to the crysta ll ine layer on the shoulder of the typica l melting peak. It 
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Figure 7.1 5 DSC curves (a) of heat now vs temperature as a function of GONP 
weight fTaction. The samples are prepared using compress ion moulding fo llowing 
the" 14°C"ru le. 
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indicates that the thermal treatment in compression moulding could works out the 
crystalline layers on the surface of the GONPs as the sheet samples are being 
prepared. It also needs to point out that it is difficult to exactly copy the whole 
process of the thermal treatment in the DSC cell to the compression moulding 
machine with an open system. represents the sample with thermal treatment 
following the "14°C" rule. 
7.4 Results and discussion (Part C): GONPIPU composites 
7.4.1 Morphology of the GONPIPU composites 
The dispersion of the GONPs in the PU matrix did not present difficulties since in 
our previous work we succeeded in fully exfoliating the GONPs in DMF. The 
SEM images of the fracture surface in Figure 7.16(b and c) show the 
layer-structured GONPs are dispersed in the PU matrix with nanoscale thickness. 
Figure 7.16 SEM images of the PU (a) and the 4.4wt%GONPIPU composite (b,c) 
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Figure 7.17 MDSC curves of heat flow against temperature: (a) the PU; (b) the 
4.4wt%GONPIPU composite 
PU is a polymer well-known for its two-phase microstructure containing 
alternative soft and hard segments. It was revealed that the hard segment with 
glassy or a lamellar crystalline structure acts as physical crosslinkers for the 
rubbery soft segment in PU [199]. Phase separation resulting from the 
thermodynamic incompatibility between the soft and hard segment plays a key 
role in their versatile physical properties. Thermal analysis and infrared spectra 
were used to investigate the effect of the GONPs on the phase separation. Firstly, 
MDSC was used to investigate the effect of the GONPs on the hard segment. In 
Figure 7.17, line (a) shows that the melting-like transition temperature relating to 
the hard segment of the PU appears around 200°C. As the incorporation of the 
GONPs increases to 4.4wt%, it can be seen in line (b) that the melting-like 
transition completely disappears and is replaced by recrystallisation transition. 
This finding indicates that a sufficient amount of the GONPs can even result in 
damage to the crystalline structure of the hard segment, which may be due to the 
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fact that the two dimensional structure of large graphene sheets prevents the 
formation of the lamellar structure in the hard segment. DMA was further used to 
investigate the interaction between the GONPs and the soft segment. Figure 
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Figure 7.18 Storage modulus (A) and damping factor tano (8) of the PU (a) and 
4.4wt%GONP/PU composite (b) as a function of temperature 
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7.18A shows that the storage modulus of the PU composite containing 4.4wt% 
GONPs is about 30% higher than that of the PU at -60°C. Figure 7.188 shows no 
shift in the transition peak of damping factor (tanB) associated with the glass 
transition temperature of the soft segment, which demonstrates the interaction 
between the GONPs and the soft segment is very weak. However, the huge 
decrease in damping capacity (amplitude of tan B) indicates the greatly restricted 
motion of PU chains, resulting from the crosslinking function of the GONPs for 
isocyanate-terminated PU chains. Cooper et al provided a method to estimate the 
phase separation using FTIR technique [200]. The degree of phase separation 
(DPS) can be calculated by an equation: DPS=RI(R+!) [201]. R in the equation 
represents hydrogen bonding index, which can be defined as A17odA1726. The peak 
at 1701cm,I is attributed to hydrogen bonded -c=o and the peak at 1726cm'l 
belongs to free -C=O. Figure 7.19 shows the FTIR spectra of the PU and 
4.4wt%GONP/PU composite. The area of the peaks around 1701cm,I and 
1726cm'l were calculated by Microcal Origin software. R and DPS of the PU are 
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Figure 7.19 FTIR spectra of the PU (a) and 4.4wt%GONPIPU composite (b). R is 
hydrogen bonding index and DPS is the degree of phase separation. 
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valued as 1.7 and 0.63, respectively, and those of the PU composite are equal to 
1.3 and 0.57, respectively. This indicates that the reduction of the phase separation 
is caused by the incorporation of the GONPs. The GONPs, therefore, perform two 
roles in respect of the morphology of the PU: (1) the chemical crosslinker for 
isocyanate-terminated PU; and (2) the destroyer of the crystalline hard segment. 
These two roles affect the mechanical properties of the PU in opposite ways. 
7.4.2 Mechanical properties of the GONP/PU composites 
The mechanical properties were comprehensively obtained from tensile and 
nanoindentation tests. Figure 7.20 shows the typical stress-strain curves of the PU 
and 4.4wt%GONPIPU composite. Figure 7.21 illustrates the mechanical 
properties of the PU and 4.4wt%GONPIPU composites including Young's 
modulus, elongation at break and tensile strength. It can be clearly seen that the 
Young's modulus of the PU composite is nearly ten times higher than that of the 
pure PU, which can be attributed to efficient load transfer between the GONPs and 
the PU matrix resulting from the chemical bonding. About 60% decrease in the 
elongation at break occurs with the incorporation of 4.4wt% GONPs, which is in 
agreement with DMA results with regard to the reduction of the damping capacity. 
This means the elastic deformation can be reduced due to the crosslinking of PU 
chains by the GONPs. The tensile strength decreases nearly 19% with the 
incorporation of 4.4wt% GONPs, which is unexpected but understandable. As 
mentioned above, the GONPs play two roles in the two-phase microstructure of 
the PU, which affects the tensile strength in two opposing ways. The destruction of 
the hard segment that means a reduction of physical crosslinking for the rubbery 
soft segment dominates the decrease in the tensile strength in this specific case. 
Nanoindentation that refers to depth-sensing indentation testing is a useful 
technique to measure the mechanical properties of polymer composites in small 
dimension using nano-sized or micro-sized indenters. Figure 7.22 ·shows the 
nanoindentation results in terms of hardness and elastic modulus. With the 
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incorporation of 4.4wt% GONPs, the hardness and elastic modulus increases 
-327% and -182%, respectively, which show the similarity with the varying trend 
of the Young's modulus. In nano-scratch test, the scratch depth of the indenter in 
the sample was recorded along with the scratch length at a certain scratch rate, 
which reflects the protective ability of the surface coatings for the substrates. 
Figure 7.23 shows the scratch depth profiles of the PU and 4.4wt%GONPIPU 
composites against the scratch length. At a scratch rate of 3J.lmls, the curve of the 
PU in Figure 7.23A reveals a scratch depth of about 2790nm at a scratch length of 
100J.lm. The incorporation of 4.4wt% GONPs results in a nearly 80% decrease of 
the scratch depth to about 845nm at the same scratch length. At a scratch rate of 
5J.lmls, the scratch depth also decreases nearly 80% with the incorporation of 
4.4wt% GONPs, as shown in Figure 7.23B. This characteristic makes the 
GONPIPU composite show strong potential in protecting metallic surface, such as 
airplanes and wind turbines. 
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Figure 7.20 Typical strain-stress curves of the PU and 4.4wt%GONPIPU 
composites 
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Figure 7.23 Nano-scratch depth profiles for the PU and 4.4wt%GONPIPU 
composite at a scratch rates of3,.lInls(A) and 5Ilrnls(B), respectively. 
7.4 Conclusions 
In this chapter, our main objective was to find out a strong substitute for CNTs in 
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the mechanical reinforcement of polymers, which is GONPs also named as 
functionalised graphene sheets. In the first part, we focused on the fabrication of 
the exfoliated GONPs in an organic solvent. This step is quite vital for the 
preparation of polymer composites with good dispersion of the GONPs. It was 
discovered that the expandable graphite oxide can be directly exfoliated in DMF 
with the assistance of ultrasonication. The expandable graphite oxide was prepared 
using Hummer's method, in which expandable graphite was used as starting 
materials instead of natural graphite. This method is much simpler than some 
published methods. With this method in hand, two kinds of polymers including 
semi-crystalline PCL and amorphous PU were selected to be incorporated with the 
GONPs using the solution method. 
The creation of the crystalline layer was considered as a promising way to 
engineer a strong non-covalent interface for the load transfer. In the GONP IPCL 
composites, the crystallisation behaviour was mainly studied to find out a suitable 
thermal treatment to engineer a strong semi-crystalline interface for the load 
transfer. The study on the non-isothermal crystallisation illustrated that the GONPs 
showed strong nucleating ability in the PCL matrix, but would slowed down 
crystallisation rate of the PCL. The isothermal crystallisation behaviour showed 
that the thermal treatment under the "14°C" rule could be available to create an 
optimised crystalline layer on the surface of the GONPs from the composite melts, 
which was quite similar to that found in the CNTIPCL composites. The increase in 
the Young's modulus of the treated GONPIPCL composites confirmed that the 
crystalline layer nucleated on the surface of the GONPs makes significant 
contribution to the load transfer across the non-covalent interface. 
In the GONP/PU composites, the GONPs bearing oxygenated groups had the 
innate ability to form the chemical bonding with the isocyanate-terminated PU, 
which led to a significant increase in modulus and hardness. It was observed that 
the GONP/PU composites exhibited a marked improvement in anti-scratch 
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property, which is a key requirement of surface coatings. It was also found that the 
two-dimensional structure of large graphene sheets resulted in the destruction of 
the ordered hard segment and in decrease in the tensile strength. Nevertheless, this 
two-dimensional structure has its advantages, mainly improvement of barrier 
properties, which is another key requirement of surface coatings. In conclusion, 
the GONPs can be a powerful and affordable nanostructured material in the 
development of high performance surface coatings. 
165 
Chapter 8 Conclusions and future work 
Chapter 8 Conclusions and future work 
8.1 Conclusions 
This project mainly concerned the development of novel engineering approaches 
to optimise the physical properties of the polymer composites with low· 
incorporation of carbon nanotubes (CNTs). 
Considering the fabrication of semi-conductive CNT/polymer composites, the 
colloidal physics and coating methods were applied to fabricate semi-conductive 
CNT/polymer composites with low percolation threshold. PU latex and UHMWPE 
powder was used in the colloidal physic and coating method, respectively. The 
core idea of these two methods is to engineer a unique micro-structure in which 
the settlement of CNTs in polymer matrix is limited to boundary area since 
particulate hosts are exclusive for CNTs. The percolation threshold of the 
, 
MWCNTIPU composites prepared by the colloidal physical method and 
MWCNTIUHMWPE composites prepared by the coating technology were both 
lowered to around O.5wt%. 
A universal recognition that the interfacial phonon scattering that is hardly 
eliminated is the bottleneck for CNTs to perform as ideal thermal conductors in 
the polymer composites has been compromised. How to reduce the interfacial 
phonon scattering technically is regarded as a big challenge for the development of 
the thermally conductive CNT/polymer composites. Latex technology has been 
applied to fabricate the electrically conductive composites with very low 
percolation threshold. Here, latex technology was applied to achieve high 
improvement of the thermal conductivity. It was found that the thermal 
conductivity almost was tripled with the incorporation of3wt% MWCNTs into the 
semicrystalline PCL-based PV, whereas the incorporation of 7wt% MWCNTs 
only resulted in a nearly 86% increase in the thermal conductivity of the 
amorphous polyether-based PV. The continuous nanotube-rich phase and polymer 
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crystallites nucleated at interface were two main factors for the effective reduction 
of the interfacial phonon scattering. It convinces that latex technology will be a 
simple and promising route ahead to functional CNT/polymer composites. 
The polymer crystalline layer nucleated by CNTs was considered as one kind of 
strong interface for the load transfer. In this project, the study on the crystallisation 
behaviour of the CNT IPCL composites showed that the isothermal crystallisation 
at the temperature, 14°C higher than the T c, could optimise the crystalline layer 
surround the CNTs from the composite melts. An empirical equation was proposed 
to predict the improvement in the Young's modulus of the CNT/polymer 
composites with an optimised crystalline layer, in which the coefficient of the 
interfacial load transfer was used to measure the transfer efficiency of the 
semi-crystalline interface. It was found that the coefficient of the thermally treated 
CNTIPCL composite was obviously improved in comparison with that of the 
composites without the thermal treatment. 
Finally, it was revealed that the functional graphene sheets could be a strong and 
affordable substitute for CNTs in the mechanical reinforcement of polymers. Two 
kinds of polymers including semi-crystalline PCL and amorphous PU were 
selected to be incorporated with the GONPs using the solution method. In the 
GONPIPCL composites, the study on the isothermal crystallisation showed that the 
thermal treatment under the "14°C" rule could be available to create an optimised 
crystalline layer on the surface of the GONPs from the composite melts, which is 
quite similar to that found in the CNTIPCL composites. The role of the crystalline 
layer as a strong non-covalent interface was confirmed by the increase in the 
Young's modulus of the treated GONPIPCL composites. In the GONPIPU 
composites, the GONPs bearing oxygenated groups have the innate ability to form 
chemical bonds with the isocyanate-terminated PU, leading to a significant 
increase in modulus and hardness. The GONPIPU composites exhibited a marked 
improvement in anti-scratch property, which is a key requirement of surface 
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coatings. It was also found that the two-dimensional structure of large graphene 
sheets resulted in the destruction of the ordered hard segment and in decrease in 
the tensile strength. Nevertheless, this two-dimensional structure has its 
advantages, mainly improvement of barrier properties, which is another key 
requirement of surface coatings. We believe that the GONPs can be a powerful and 
affordable nanostructured material in the development of high performance surface 
coatings. 
8.2 Future work 
Outcomes of this project has led us to have better understanding the relationship 
between the microstructure and the physical properties of the composites, which 
could guide us to fabricate high performance eNT/polymer composites for the 
industrial application. However, the biggest chanllenge is placed on moving 
forward to industrial application from laboratorial experiment. To my best 
knowledge, the methods developed in labs are still complicated for industrial users, 
and simplifying processing methods for achieving uniform dispersion and strong 
interface could be the developing direction in this field. 
In the aspect of the semi-conductive polymer composites, the tunnelling behaviour 
is still being the challenge for the maximizing the electrical conductivity of the 
composites although the very low percolation threshold was achieved. The low 
value of the maximal electrical conductivity could restrict the application of this 
functional material such as the bipolar plate which is a key component in fuel 
cells. 
Similarly, the improvement of the thermal conductivity also needs to be 
maximized, which relates to the maximal reduction of the interfacial phonon 
scattering. This strategy could be implemented as we could control the 
morphology of the crystallites in the interface such as the thickness of the 
crystallites. The modelling work could help understand the relationship between • 
168 
Chapter 8 Conclusions and future work 
the morphology of the crystallites and the reduction of the interfacial phonon 
scattering. 
In regard to the mechanical reinforcement, the work could be extended to study the 
mechanical behaviour of the composites under high strain rates. It could point out 
the application of the polymer composites in the military protection such as body 
armour. 
The research on the GONP/polymer composite is still in its early stage. The 
exciting results found in this stage drive us to dig out more application of this new 
nanomaterial in the polymer composites. 
169 
References 
References 
[1] A Okada, A Usuki. Twenty years of polymer-clay nanocomposites, Macromol. 
Mater. Eng. 291 (2006) 1449-1476. 
[2] MMJ Treacy, TW Ebbesen, JM Gibson. Exceptionally high Young's modulus 
observed for individual carbon nanotubes, Nature. 381 (1996) 678-680. 
[3] R Saito, M Fujita, G Dresselhaus, MS Dresselhaus. Electonic structure of 
chiral graphene tubules, Appl. Phys. Lett. 60 (1992) 2204-2206. 
[4] S Berber, YK Kwon, D Tomanek. Unusually high thermal conductivity of 
carbon nanotubes, Phys. Rev. Lett. 84 (2000) 4613-4616. 
[5] DJ Yang, SG Wang, Q Zhang, PJ SeIIin, G Chen. Thermal and electrical 
transport in multi-walled carbon nanotubes, Phys. Lett. A. 329 (2004) 207-213. 
[6] 0 Regev, PNB EIKati, J Loos, CE Koning. Preparation of conductive 
nanotube-polymer composites using latex technology, Adv. Mater. 16 (2004) 
248-251. 
[7] JC Grunlan, AR Mehrabi, MV Bannon, JL Bahr. Water-based 
single-walled-nanotube-filled polymer composite with an exceptionally low 
percolation threshold, Adv. Mater. 16 (2004) 150-153. 
[8] FH Gojny, MHG Wichmann, B Fiedler, lA Kinloch, W Bauhofer, AH Windle, 
et al. Evaluation and identification of electrical and thermal conduction 
mechanisms in carbon nanotube/epoxy composites, Polymer,. 47 (2006) 
2036-2045. 
[9] W Kim, R Wang, A Majumdar. Nanostructuring expands thermal limits, Nano 
Today,. 2 (2007) 40-47. 
[10] 0 Lourie, HD Wagner. Transmission electron microscopy observations of 
fracture of single-wall carbon nanotubes under axial tension, Appl. Phys. Lett. 73 
(1998) 3527-3529. 
[11] IN Coleman, U Khan, YK Gun'ko. Mechanical reinforcement of polymers 
using carbon nanotubes, Adv. Mater. 18 (2006) 689-706. 
170 
References 
[12] J Gao, ME Itkis, A Yu, E Bekyarova, B Zhao, RC Haddon. Continuous 
spinning of a single-walled carbon nanotube-nylon composite fiber, J. Am. Chem. 
Soc. 127 (2005) 3847-3854. 
[13] CH Tseng, CC Wang, CY Chen. Functionalizing carbon nanotubes by plasma 
modification for the preparation of covalent-integrated epoxy composites, Chem. 
Mater. 19 (2007) 308-315. 
[14] IN Coleman, M Cadek, R Blake, V Nicolosi, KP Ryan, C Belton, et al. High 
performance nanotube-reinforced plastics: understanding the mechanism of 
strength increase, Adv. Funct. Mater. 14 (2004) 791-798. 
[15] T Ramanathan, AA Abdala, S Stankovich, DA Dikin, M Herrera-Alonso, RD 
Piner, et al. Functionalized graphene sheets for polymer nanocomposites, Nature 
Nanotechnology.3 (2008) 327-331. 
[16] AA Balandin, S Ghosh, W Bao, I Calizo, D Teweldebrhan, F Miao, et al. 
Superior thermal conductivity of single-layer graphene, Nano Lett. 8 (2008) 
902-907. 
[17] AK Geim, KS Novoselov. The rise of graphene, Nature Materials. 6 (2007) 
183-191. 
[18] HW Kroto, JR Heath, SC O'Brien, SC Curl, RE Smalley. C60: 
Buckminsterfullerene, Nature. 318 (1985) 162-163. 
[19] S Iijima. Helical microtubules ofgraphitic carbon, Nature. 354 (1991) 56-58. 
[20] S Iijima. Carbon nanotubes: past, present, and future, Physica B. 323 (2002) 
1-5. 
[21] JL Hutchison, NA Kiselev, EP Krinichnaya, AV Krestinin, RO Loutfy, AP 
Morawsky, et al. Double-walled carbon nanotubes fabricated by a hydrogen arc 
discharge method, Carbon. 39 (2001) 761-770. 
[22] S Iijima, T Ichihashi. Single-shell carbon nanotubes of I-nm diameter, Nature. 
363 (1993) 603-605. 
171 
References 
[23] YH Li, YM Zhao, M Roe, D Furniss, YQ Zhu, SRP Silva, et al. In-plane large 
single-walled carbon nanotube film: in situ synthesis and field-emission properties, 
Small. 2 (2006) 1026-1030. 
[24] DR Kauffman, A Star. Carbon nanotube gas and vapor sensors, Ang.Chem. 
47 (2008) 6550-6570. 
[25] J Van, H Zhou, P Vu, L Su, L Mao. Rational functionalization of carbon 
nanotubes leading to electrochemical devices with striking applications, Adv. 
Mater. 20 (2008) 2899-2906. 
[26] PM Ajayan, 0 Stephan, C Colliex, D Trauth. Aligned carbon nanotube arrays 
formed by cutting a polymer resin-nanotube composite, Science. 265 (1994) 
1212-1214. 
[27] H Huang, C Liu, Y Wu, S Fan. Aligned carbon nanotube composite films for 
thermal management, Adv. Mater. 17 (2005) 1652-1656. 
[28] H Dai. Carbon nanotubes: synthesis, integration, and properties, Acc. Chem. 
Res. 35 (2002) 1035-1044. 
[29] TW Ebbesen, PM Ajayan. Large-scale synthesis of carbon nanotubes, Nature. 
358 (1992) 220-222. 
[30] X Zhao, M Ohkohchi, H Shimoyama, Y Ando. Morphology of carbon 
allotropes prepared by hydrogen arc discharge, J. Crystal Growth. 198/199 (1999) 
934-938. 
[31] DS Bethune, CH Klang, MS Devries, G Gorman, R Savoy, J Vazquez, et aI. 
Cobalt-catalysed growth of carbon nanotubes with single-atomic-layer walls, 
Nature. 363 (1993) 605-607 . 
. [32] M Ishigami, J Cumings, A Zettl, S Chen. A simple method for the continuous 
production of carbon nanotubes, Chem. Phys. Lett. 319 (2000) 457-459. 
[33] N Sano, J Nakano, T Kanki. Synthesis of single-walled carbon nanotubes 
with nanohoms by arc in liquid nitrogen, Carbon. 42 (2004) 686-688. 
[34] YL Hsin, KC Hwang, FR Chen, JJ Kai. Production and in-situ metal filling of 
carbon nanotubes in water, Adv. Mater. 13 (2001) 830-833. 
172 
References 
[35] HW Zhu, XS Li, B Jiang, CL Xu, YF Zhu, DH Wu, et al. Fonnation of 
carbon nanotubes in water by the electric-arc technique, Chem. Phys. Lett. 366 
(2002) 664-669. 
[36] SD Wang, MH Chang, KMD Lan, CC Wu, JJ Cheng, HK Chang. Synthesis 
of carbon nanotubes by arc discharge in sodium chloride solution, Carbon. 43 
(2005) 1792-1795. 
[37] T Guo, P Nikolaev, A Thess, DT Colbert, RE Smalley. Catalytic growth of 
single-walled manotubes by laser vaporization, Chem. Phys. Lett. 243 (1995) 
49-54. 
[38] M Yudasaka, T Komatsu, T Ichihashi, S Iijima. Single-wall carbon nanotube 
fonnation by laser ablation using double-targets of carbon and metal, Chem. Phys. 
Lett.278(1997) 102-106. 
[39] M Yudasaka, R Yamada, N Sensui, T Wilkins, T Ichihashi, S Iijima. 
Mechanism of the effect of NiCo, Ni and Co catalysts on the yield of single-wall 
carbon nanotubes fonned by pulsed Nd:YAG laser ablation, J. Phys. Chem. B. 103 
(1999) 6224-6229. 
[40] M Zhang, M Yudasaka, S Iijima. Single-wall carbon nanotubes: a high yield 
of tubes through laser ablation of a crude-tube Chem. Phys. Lett. 336 (2001) 
196-200. 
[41] D Nishide, H Kataura, S Suzuki, K Tsukagoshi, Y Aoyagi, Y Achiba. 
High-yield production of single-wall carbon nanotubes in nitrogen gas, Chem. 
Phys. Lett. 372 (2003) 45-50. 
[42] M Yudasaka, T Ichihashi, S Iijima. Roles of laser light and heat in fonnation 
of single-wall carbon nanotubes by pulsed laser ablation of CxNiyCoy targets at 
high temperature J. Phys. Chem. B. 102 (1998) 10201-10207. 
[43] M Yudasaka, T Komatsu, T Ichihashi, Y Achiba, S Iijima. Pressure 
dependence of the structures of carbonaceous deposits fonned by laser ablation on 
targets composed of carbon, nickel, and cobalt, J. Phys. Chem., B. 102 (1998) 
4892-4896. 
173 
References 
[44] AA Gorbunov, R Friedlein, 0 Jost, MS Golden, J Fink, W Pompe. 
Gas-dynamic consideration of the laser evaporation synthesis of single-wall 
carbon nanotubes, Appl. Phys. A: Mater. Sci. Process. 69 (1999) S593-S596. 
[45] M Yudasaka, T Ichihashi, T Komatsu, S Iijima. Single-wall carbon nanotubes 
formed by a single laser-beam pulse, Chem. Phys. Lett. 299 (1999) 91-96. 
[46] AC Dillon, PA Parilla, JL Alleman, ID Perkins, MJ Heben. Controlling 
single-wall nanotube diameters with variation in laser pulse power, Chem. Phys. 
Lett. 316 (2000) 13-18. 
[47] WK Maser, AM Benito, MT Martinez. Production of carbon nanotubes: the 
light approach, Carbon. 40 (2002) 1685-1695. 
[48] GG Tibbetts, MG Devour, EJ Rodda. An adsorption-diffusion isotherm and 
its application to the growth of carbon filaments on iron Carbon. 25 (1987) 
367-375. 
[49] RTK Baker. Catalytic growth of carbon filaments, Carbon. 27 (1989) 
315-323. 
[50] J Kong, AM Cassell, H Dai. Chemical vapor deposition of methane for 
single-walled carbon nanotubes, Chem. Phys. Lett. 292 (1998) 567-574. 
[51] JH Hafner, MJ Bronikowski, BR Azamian, P Nikolaev, AG Rinzler, DT 
Colbert, et al. Catalytic growth of single-wall carbon nanotubes from metal 
particles, Chemical Physics Letters. 296 (1998) 195-202. 
[52] H Dai, AG Rinzler, P Nikolaev, A Thess, DT Colbert, RE Smalley. 
Single-wall nanotubes produced by metal-catalyzed disproportionation of carbon 
monoxide, Chemical Physics Letters. 260 (1996) 471-475 .. 
[53] HM Cheng, F Li, G Su, HY Pan, LL He, X Sun, et al. Large-scale and 
low-cost synthesis of single-walled carbon nanotubes by the catalytic pyrolysis of 
hydrocarbons, Appl. Phys. Lett. 72 (1998) 3282-3284. 
[54] M Su, B Zheng, J Liu. A scalable CVD method for the synthesis of 
single-walled carbon nanotubes with high catalyst productivity, Chemical Physics 
Letters. 322 (2000) 321-326. 
174 
References 
[55] J Liu, AG Rinzler, H Dai, JH Hafner, RK Bradley, PJ Boul, et al. Fullerene 
pipes, Science. 280 (1998) 1253-1256. 
[56] AG Rinzler, J Liu, H Dai, P Nikolaev, CB Huffman, FJ Rodriguez-Macias, et 
al. Large-scale purification of single-wall carbon nanotubes: process, product, and 
characterization, Appl. Phys. A. 67 (1998) 29-37. 
[57] H Pan, L Liu, Z- Guo, L Dai, F Zhang, D Zhu, et al. Carbon nanotubols from 
mechanpchemical reaction, Nano Lett. 3 (2003) 29-32. 
[58] J Zhang, H Zou, Q Qing, Y Yang, Q Li, Z .Liu, et al. Effect of chemical 
oxidation on the structure of single-walled carbon nanotubes, J. Phys. Chem. B. 
107 (2003) 3712-3718. 
[59] A Hamwi, H Alvergnat, S Bonnamy, F Beguin. Fluorination of carbon 
nanotubes, Carbon. 35 (1997) 723-728. 
[60] ET Mickelson, CB Huffman, AG Rinzler, RE Smalley, RH Hauge, JL 
Margrave. Fluorination of single-wall carbon nanotubes, Chem. Phys. Lett. 296 
(1998) 188-194. 
[61] JL Bahr, JM Tour. Highly functionalized carbon nanotubes using in situ 
generated diazonium compounds, Chem. Mater. 13 (2001) 3823-3824. 
[62] JL Bahr, J Yang, DV Kosynkin, MJ Bronikowski, RE Smalley, JM Tour. 
Functionalization of carbon nanotubes by e1ectrochemical reduction of aryl 
diazonium salts: a bucky paper electrode, J. Am. Chem. Soc. 123 (2001) 
6536-6542. 
[63] Y Chen, RC Haddon, S Fang, AM Rao, PC Eklund, WH Lee, et al. Chemical 
attachment of organic functional groups to a single-walled carbon nanotube 
material, J. Mater. Res. 13 (1998) 2423-2431. 
[64] V Georgakilas, K Kordatos, M Prato, DM Guldi, M Holzinger, A Hirsch. 
Organic functionalization of carbon nanotubes, J. Am. Chem. Soc. 124 (2002) 
760-761. 
175 
References 
[65] Y Lin, B Zhou, KA ShiralFemando, P Liu, LF Allard, YP Sun. Polymeric 
carbon nanocomposites from carbon nanotubes functionalized with matrix 
polymer, Macromolecules. 36 (2003) 7199-7204. 
[66] K Fu, W Huang, Y Lin, LA Riddle, DL Carroll, YP Sun. Defunctionalization 
offunctionalized carbon nanotubes, Nano Lett. 1 (2001) 439-441. 
[67] A Koshio, M Yudasaka, M Zhang, S lijima. A simple way to chemically react 
single-wall carbon nanotubes with organic materials using ultrasonication, Nano 
Lett. 1 (2001) 361-363. 
[68] DE Hill, Y Lin, AM Rao, LF Allard, YP Sun. Functionalization of carbon 
nanotubes with polystyrene, Macromolecules. 35 (2002) 9466-9471. 
[69] R CzelW, Z Guo, PM Ajayan, YP Sun, DL Carroll. Organization of polymers 
onto carbon nanotubes: a route to nanoscale assembly, Nano Lett. 1 (2001) 
423-427. 
[70] W Huang, Y Lin, S Taylor, J Gaillard, AM Rao, yP Sun. Sonication-assisted 
functionalization and solubilization of carbon nanotubes, Nano Lett. 2 (2002) 
231-234. 
[71] yP Sun, W Huang, Y Lin, K Fu, A Kitaygorodskiy, LA Riddle, et al. Soluble 
dendron-functionalized carbon nanotubes: preparation, characterization, and 
properties, Chem. Mater. 13 (2001) 2864-2869. 
[72] Y Lin, AM Rao, B Sadanadan, EA Kenik, YP Sun. Functionalizing 
multiple-walled carbon nanotubes with aminopolymers, J. Phys. Chem. B. 106 
(2002) 1294-1298. 
[73] H Xia, M Song. Preparation and characterisation of polyurethane grafted 
single-walled carbon nanotubes and derived polyurethane nanocomposites, J. 
Mater. Chem. 16 (2006) 1843-1851. 
[74] H Xia, M Song, J Jin, L Chen. Poly(propylene glycol)-grafted multi-walled 
carbon nanotube polyurethane, Macromol. Chem. Phys. 207 (2006) 1945-1952. 
[75] IC Liu, HM Huang, CY Chang, HC Tsai, CH Hsu, RCC Tsiang. Preparing a 
styrenic polymer composite containing well-dispersed carbon nanotubes: anionic 
176 
References 
polymerization of a nanotube-bound p-methylstyrene, Macromolecules. 37 (2004) 
283-287. 
[76] G Wang, Y Dong, L Liu, C Zhao. Preparation and characterization of 
polystyrene modified single-walled carbon nanotube, J. Appl. Polym. Sci. 105 
(2007) 1385-1390. 
[77] GL Hwang, YT Shieh, KC Hwang. Efficient load transfer to polymer-grafted 
multiwalled carbon nanotubes in polymer composites, Adv. Funct. Mater. 14 
(2004) 487-491. 
[78] H Xia, Q Wang, G Qiu. Polymer-encapsulated carbon nanotubes prepared 
through ultrasonically initiated in situ emulsion polymerization, Chem. Mater. 15 
(2003) 3879-3886. 
[79] S Li, H Chen, W Bi, J Zhou, Y Wang, J Li, et al. Synthesis and 
characterization of polyethylene chains grafted onto the sidewalls of single-walled 
carbon nanotubes via copolymerization, J. Polym. Sci.: Part A: Polym. Cheni.. 45 
(2007) 5459-5469. 
[80] Y Liu, J Tang, JH Xin. Fabrication of nanowires with polymer shells using 
treated carbon nanotube bundles as macro-initiators, Chem. Comm. 9 (2004) 
2828-2829. 
[81] TE Patten, K Matyjaszewski. Atom transfer radical polymerization and the 
synthesis of polymeric materials, Adv. Mater. 10 (1998) 901-915. 
[82] H Kong, C Gao, D Yan. Controlled functionalization of multiwalled carbon 
nanotubes by in situ atom transfer radical polymerization, J. Am. Chem. Soc. 126 
(2004) 412-413. 
[83] D Qian, EC Dickey, R Andrews, T Rantell. Load transfer and deformation 
mechanisms in carbon nanotube-polystyrene composites, Appl. Phys. Lett. 76 
(2000) 2868. 
[84] A Dufresne, M Paillet, JL Putaux, R Canet, F Carmona, P Delhaes. 
Processing and characterization of carbon nanotube/poly(styrene-co-butyl acrylate) 
nanocomposites, J. Mater. Sci. 37 (2002) 3915-3923. 
177 
References 
[85] F Du, JE Fischer, KI Winey. Coagulation method for preparing single-walled 
carbon nanotube/poly(methyl methacrylate) composites and their modulus, 
electrical conductivity, and thermal stability, J. Polym. Sci.: Part B: Polym. Phys. 
41 (2003) 3333-3338. 
[86] B Li, U Sundararaj, P POtschke. Melt mixing of polycarbonate with 
. multi-walled carbon nanotubes in miniature mixers, Macromol. Mater. Eng. 291 
(2006) 227-238. 
[87] P Potschke, AR Bhattacharyya, A Janke. Melt mixing of polycarbonate with 
multi walled carbon nanotubes: microscopic studies on the state of dispersion, Euro. 
Polym. 1. 40 (2004) 137-148. 
[88] R Haggenmueller, HH Gommans, AG Rinzler,· JE Fischer, KI Winey. 
Aligned single-wall carbon nanotubes in composites by melt processing methods, 
Chem. Phys. Lett. 330 (2000) 219-225. 
[89] T McNally, P Potschke, P Halley, M Murphy, D Martin, SEJ Bell, et al. 
Polyethylene multi walled carbon nanotube composites, Polymer. 46 (2005) 
8222-8232. 
[90] YJ Li, H Shimizu. 
High-shear processing induced homogenous dispersion of pristine multiwalled 
carbon nanotubes in a thermoplastic e1astomer Polymer. 48 (2007) 2203-2207. 
[91] WD Zhang, L Shen, IY Phang, T Liu. Carbon nanotubes reinforced nylon-6 
composite prepared by simple melt-compounding, Macromolecules. 37 (2004) 
256-259. 
[92] J Li, Z Fang, L Tong, A Gu, F Liu. Improving dispersion of multi walled 
carbon nanotubes in polyamide 6 composites through amino-fimctionalization, J. 
Appl. Polym. Sci. 106 (2007) 2898-2906. 
[93] BX Yang, KP Pramoda, GQ Xu, SH Goh. Mechanical reinforcement of 
polyethylene using polyethylene-grafted multiwalled carbon nanotubes, Adv. 
Funct. Mater. 17 (2007) 2062-2069. 
178 
References 
[94] AR Bhattacharyya, P P6tschke, L HauBler, D Fischer. Reactive 
compatibilization of melt mixed PA6/SWNT composites: mechanical properties 
and morphology, Macromo!' Chem. Phys. 206 (2005) 2084-2095. 
[95] CA Cooper, D Ravich, D Lips, J Mayer, HD Wagner. Distribution and 
alignment of carbon nanotubes and nanofibrils in a polymer matrix, Compos. Sci. 
Techno!. 62 (2002) 1105-1112. 
[96] ML Shofiler, VN Khabashesku, EV Barrera. Processing and mechanical 
properties of fluorinated single-wall carbon nanotube-polyethylene composites, 
Chem. Mater. 18 (2006) 906-913. 
[97] Q Zhang, S Rastogi, D Chen, D Lippits, PJ Lemstra. Low percolation 
threshold in single-walled carbon nanotubelhigh density polyethylene composites 
prepared by melt processing technique, carbon. 44 (2006) 778-785. 
[98] SR Bakshi, JE Tercero, A Agarwa!. Synthesis and characterization of 
multiwalled carbon nanotube reinforced ultra high molecular weight polyethylene 
composite by electrostatic spraying technique Composites: Part A. 38 (2007) 
2493-2499. 
[99] S Kanagaraj, FR Varanda, TV Zhil'tsova, MSA Oliveira, JAO Simoes. 
Mechanical properties of high density polyethylene/carbon nanotube composites, 
Compos. Sci. Techno!. 67 (2007) 3071-3077. 
[lOO] M Mu, AM Walker, JM Torkelson, KI Winey. Cellular structures of carbon 
nanotubes in a polymer matrix improve properties relative to composites with 
dispersed nanotubes, Polymer. 49 (2008) 1332-1337. 
[lOll Z Jia, Z Wang, C Xu, J Liang, B Wei, D Wu, et a!. Study on poly (methyl 
methacrylate)/carbon nanotube composites, Mater. Sci. Eng. A271 (1999) 
395-400. 
[102] F Liang, JM Beach, K Kobashi, AK Sadana, YI Vega-Cantu, JM Tour, et a!. 
In situ polymerization initiated by single-walled carbon nanotube salts, Chem. 
Mater. 18 (2006) 4764-4767. 
179 
References 
[103] J Xiong, Z Zheng, X Qin, M Li, H Li, X Wang. The thennal and mechanical 
properties of a polyurethane/multi-walled carbon nanotube composite, Carbon. 44 
(2006) 2701-2707. 
[104] YC Jung, NO Sahoo, JW Cho. Polymeric nanocomposites of polyurethane 
block copolymers and functionalized multi-walled carbon nanotubes as 
crosslinkers, 27 (2005) 126-131. 
[105] J Zhu, J Kim, H Peng, JL Margrave, VN Khabashesku, EV Barrera. 
Improving the dispersion and integration of single-walled carbon nanotubes in 
epoxy composites through functionalization, Nano Lett. 3 (2003) 1107-1113. 
[106] CH Tseng, CC Wang, CY Chen. Functionalizing carbon nanotubes by 
plasma modification for the preparation of covalent-integrated epoxy composites, 
Chem. Mater. 19 (2007) 308-315. 
[107] M Olek, J Ostrander, S Jurga, H Mohwald, N Kotov, K Kempa, et aI. 
LlI:yer-by-layer assembled composites from multiwall carbon nanotubes with 
different morphologies, Nano Lett. 4 (2004) 1889-1895. 
[108] MA Correa-Duarte, A Kosiorek, W Kandulski, M Oiersig, LM Liz-Marzan. 
Layer-by-layer assembly of multiwall carbon nanotubes on spherical colloids, 
Chem. Mater. 17 (2005) 3268-3272. 
[109] B Shim, NA Kotov. Single-walled carbon nanotube combing during 
layer-by-layer assembly: from random adsorption to aligned composites, 
Langmuir. 21 (2005) 9381-9385. 
[110] TW Ebbesen, HJ Lezec, H Hiura, JW Bennett, HF Oheami, T Thio. 
Electrical conductivity of individual carbon nanotubes, Nature. 382 (1996) 54-56. 
[111] SJ Tans, MH Devoret, H Dai, A Thess, R Smalley, LJ OeerIings, et aI. 
Individual single-wall carbon nanotubes as quantum wires, Nature. 386 (1997) 
474-477. 
[112] M Bockrath, DH Cobden, PL McEuen, NO Chopra, A Zettle, A Thess, et aI. 
Single-electron transport in ropes of carbon nanotubes, Science. 275 (1997) 
1922-1925. 
180 
References 
[113] A Thess, R Lee, P Nikolaev, H Dai, P Petit, J Robert, et al. Crystalline ropes 
of metallic carbon nanotubes, 273 (1996) 483-487. 
[114] S Frank, P Poncharal, ZL Wang, WA Heer. Carbon nanotube quantum 
resistors, Science. 280 (1998) 1744-1746. 
[115] S Sanvito, YK Kwon, D Tomanek, CJ Lambert. Fractional quantum 
conductance in carbon nanotubes, Phys Rev Lett. 84 (2000) 1974-1977. 
[116]1 Huang. Carbon black filled conducting polymers and polymer blends, Adv. 
Polym. Technol. 21 (2002) 299-313. 
[117] JF Zou, ZZ Yu, YX Pan, XP Fang, YC Qu. Conductive mechanism of 
polymer/graphite conducting composites with low percolation threshold, J. Polym, 
Sci. Part B: Polym. Phys. 40 (2002) 954-963. 
[118] L Chen, XJ Pang, ZL Yu. Study on polycarbonate/multi-walled carbon 
nanotubes composite produced by melt processing, Mater. Sci. Eng.:A. 457 (2007) 
287-291. 
[119] SH Lee, ECho, SH Jeon, JR Youn. Rheological and electrical properties of 
polypropylene composites containing functionalized multi-walled carbon 
nanotubes and compatibilizers, Carbon. 45 (2007) 2810-2822. 
[120] MK Seo, SJ Park. Electrical resistivity and rheological behaviors of carbon 
nanotubes-filled polypropylene composites, Chem. Phys. Lett. 395 (2004) 44-48. 
[121] MN Tchoul, WT Ford, MLP Ha, I Chavez-Sumarriva, BP Grady, G Lolli, et 
al. Composites of single-walled carbon nanotubes and polystyrene: preparation 
and electrical conductivity, Chem. Mater. 20 (2008) 3120-3126. 
[122] Q Wang, J Dai, W Li, Z Wei, J Jiang. The effects of CNT alignment on 
electrical conductivity and mechanical properties of SWNT/epoxy nanocomposites, 
Compos. Sci. Technol. 68 (2008) 1644-1648. 
[123] PC Ma, JK Kim, BZ Tang. Effects of silane functionalization on the 
properties of carbon nanotube/epoxy nanocomposites, Compos, Sci. Technol. 67 
(2007) 2965-2872. 
181 
References 
[124] MQ Zhang, G Vu, HM Zeng, HB Zhang, YH Hou. Two-step percolation in 
polymer blends filled with carbon black, Macromolecules. 31 (1998) 6724-6726. 
[125] M Xiao, L Sun, J Liu, Y Li, K Gong. Synthesis and properties of 
polystyrene/graphite nanocomposites, Polymer. 43 (2002) 2245-2248. 
[126] Y Yang, MC Gupta, KL Dudley, RW Lawrence. Novel Carbon 
Nanotube-Polystyrene Foam Composites for Electromagnetic Interference 
Shielding, Nano Lett. 5 (2005) 2131-2134. 
[127] XB Xu, ZM Li, L Shi, XC Bian, ZD Xiang. Ultralight conductive 
carbon-nanotube-polymer composite, Small. 3 (2007) 408-411. 
[128] A Mizel, LX Benedict, ML Cohen, SG Louie, A Zettl, NK Budraa, et al. 
Analysis of the low-temperature specific heat of multiwalled carbon nanotubes and 
carbon nanotube ropes, Phys. Rev. B. 60 (1999) 3264-3270. 
[129] W Vi, L Lu, DL Zhang, ZW Pan, SS Xie. Linear specific heat of carbon 
nanotubes, Phys. Rev. B. 59 (1999) R9015-R9018. 
[130] RP Service. Superstrong Nanotubes Show They Are Smart, Too, Science. 
281 (1998) 940-942. 
[131] J Hone, B Batlogg, ZA Benes, T Johnson, JE Fischer. Quantized phonon 
spectrum of single-wall carbon nanotubes, Science. 289 (2000) 1730-1733. 
[132] J Hone, M Whitney, C Piskoti, A Zettl. Thermal conductivity of 
single-walled carbon nanotubes, Phys. Rev. B. 59 (1999) R2514-R2516. 
[133] P Kim, L Shi, A Majumdar, PL McEuen. Thermal transport measurements 
of individual multiwalled nanotubes, Phys. Rev. Lett. 87 (2001) 
215502-1-215502-4. 
[134] CW Nan, Z Shi, Y Lin. A simple model for thermal conductivity of carbon 
nanotube-based composites, Chem. Phys. Lett. 375 (2003) 666-669. 
[135] H Xia, M Song. Preparation and characterization of polyurethane-carbon 
nanotube composites. Soft Matter. 1 (2005) 386-394. 
182 
References 
[136] Y Xu, GRay, B Abdel-Magid. Thennal behavior of single-walled carbon 
nanotube polymer-matrix composites, Compos. Part A: Appl. Sci. Manuf. 37 
(2006) 114-121. 
[137] S Yuen, CM Ma, C Chiang, J Chang, S Huang, S Chen, et al. 
Silane-modified MWCNTIPMMA composites - preparation, electrical resistivity, 
thennal conductivity and tbennal stability, Composites Part A: Applied Science 
and Manufacturing,. 38 (2007) 2527-2535. 
[138] R Haggemnueller, C Guthy, JR Lukes, JE Fischer, KI Winey. Single wall 
carbon nanotube/polyethylene nanocomposites: tbennal and electrical conductivity, 
Macromolecules. 40 (2007) 2417-2421. 
[139] F Du, C Gutby, T Kashiwagi, JE Fischer, KI Winey. An infiltration metbod 
for preparing single-wall nanotube/epoxy composites with improved thennal 
conductivity. J. Polym. Sci. Part B: Polym. Phys. 44 (2006) 1513-1519. 
[140] A Krishnan, E Dujardin, TW Ebbesen, PN Yianilos, MMJ Treacy. Young's 
modulus of single-walled nanotubes, Phys. Rev. B. 58 (1998) 14013-14019. 
[141] P Poncharal, ZL Wang, D Ugarte, WA Heer. Electrostatic deflections and 
electromechanical resonances of carbon nanotubes, Science. 283 (1999) 
1513-1516. 
[142] EW Wong, PE Sheehan, CM Lieber. Nanobeam mechanics:. elasticity, 
strength, and toughness of nanorods and nanotubes, Science. 277 (1997) 
1971-1975. 
[143] MF Yu, 0 Lourie, MJ Dyer, K Moloni, TF Kelly, RS Ruoff. Strength and 
Breaking Mechanism of Multiwalled Carbon Nanotubes Under Tensile Load, 
Science. 287 (2000) 637-640. 
[144] L Liu, AH Barber, S Nuriel, HD Wanger. Mechanical properties of 
functionalized single-walled carbon-nanotube/poly(vinyl alcohol) nanocomposite, 
Adv. Func. Mater. 15 (2005) 975-980. 
[145] D Blond, V Barron, M Ruether, KP Ryan, VB Nicolosi WJ., IN Coleman. 
Ehancement of modulus, strength and toughness in poly(metbyl 
183 
References 
. methacrylate)-based composites by the incorporation of poly(methyl 
methacrylate)-functionalized nanotubes, Adv. Func. Mater. 16 (2006) 1608-1614. 
[146] M Cadek, IN Coleman, KP Ryan, V Nicolosi, G Bister, A Fonseca, et al. 
Reinforcement of polymers with carbon nanotubes: the role of nanotube surface 
area, Nano Lett. 4 (2004) 353-356. 
[147] M Cadek, IN Coleman, V Barron, K Hedicke, WJ Blau. Morphological and 
mechanical properties of carbon nanotube reinforced semi-crystalline and 
amorphous polymer composites, Appl. Phys. Lett. 81 (2002) 5123-5125. 
[148] BK Kim. Aqueous polyurethane dispersions, Colloid Polym. Sci. 274 (1996) 
599-611. 
[149] P Liu, K Gong, P Xiao, M Xiao. Preparation and characterization of poly 
(vinyl acetate)-intercalated graphite oxide nanocomposite, J. Mater. Chem. 10 
(2000) 933-935. 
[150] A Carton, Infrared spectroscopy of polymer blends, composites and surfaces, 
Hanser publisher, Munich, 1992. 
[151] JR Ferraro, K Nakamoto, CW Brown, Introductory Raman Spectroscopy 
(second edition), Acadamic Press, New York, 2003. 
[152] GI Goldstein, DE Newbury, P Echlin, DC Joy, C Fiori, E Lifshin, Scarming 
electron microscopy and x-ray microanalysis, Plenum Press, New York, 1981. 
[153] D Williams, CB Carter, Transmission electron microscopy. I-Basics, 
Plenum Press, New York, 1996. 
[154] GWH Hohne, WF Hemminger, H-J Flanunersheim, Differential scarming 
calorimerty (scond edition), Springer-Verlag, Berlin, 2003. 
[155] HP Menard, Dynamic mechanical analysis. A practical introduction, CRC 
Press, Boca Ratonk, Fla, 2008. 
[156] JF Watts, J Wolstenholme, An introduction to surface analysis by XPS and 
AES, John Wiley & Son, Chichester, 2003. 
[157] C Suryanarayana, MG Norton, X-ray diffraction: a practical approach, 
Plenum Press, New York and London, 1998. 
184 
References 
[158] CP Camirand. Measurement of thermal conductivity by differential scanning 
calorimetry, Thermochi. Acta. 417 (2004) 1-4. 
[159] IM Ward, DW Hadley, An introduction to the mechanical properties of solid 
polymers, John Wiley & Son, New York, 1995. 
[160] SV Hainsworth, HW Chandler, TF Page. Analysis of nanoindentation 
load-displacement loading curves, 1. Mater. Res. 11 (1997) 1987-1995. 
[161] GM Pharr, WC Oliver. An improved technique for determining hardness and 
elastic modulus using load and displacement sensing indentation experiments, J. 
Mater. Res. 7 (1992) 1565-1566. 
[162] RH Baughman, AA Zakhidov, WA Heer. Carbon nanotubes - the route 
toward applications, Science. 297 (2002) 787-792. 
[163] N Grossiord, J Loos, CE Koning. Strategies for dispersing carbon nanotubes 
in highly viscous polymers, J. Mater. Chem. 15 (2005) 2349-2352. 
[164] MS Strano, VC Moore, MK Miller, MJ Alien, EH Haroz, C Kittrell, et al. 
The role of surfactant adsorption during ultrasonication in the dispersion of 
single-walled carbon nanotubes, J. Nanosci. Nanotechnol. 3 (2003) 81-86. 
[165] K Yurekli, CA Mitchell, R Krishnamoorti. Small-angle neutron scattering 
from surfactant-assisted aqueous dispersions of carbon nanotubes, J. Am. Chem. 
Soc. 126 (2004) 9902-9903. 
[166] 11 Keddie. Film formation of latex, Mater. Sci. Eng.: R-Report. 21 (1997) 
101-170. 
[167] TF Protzman, GL Brown. An apparatus for the determination of the 
minimum film temperature of polymer emulsions, J. Appl. Polym. Sci. 4 (1960) 
81-85. 
[168] B Vogt-Birnbrich. Novel synthesis of low VOC polymeric dispersions and 
their application in waterborne coatings, Prog. Org. Coat. 29 (1996) 31-38. 
[169] G Matijasic, A Glasnovic. Influence of dispersed phase characteristics on 
rheological behavior of suspersions, Chem. Biochem. Eng. Q. 16 (2002) 165-172. 
185 
References 
[170] X Sun, M Song. Highly conductive carbon nanotube/polymer 
nanocomposite achievable? Macromo!' Theory Simu!. Accepted (2009). 
[171] MS Dresselhaus, G Dresselhaus, R Saito, A Jorio. Raman spectroscopy of 
carbon nanotubes, Phys. reports. 409 (2005) 47-99. 
[172] Y Hernandez, V Nicolosi, M Lotya, FM Blighe, Z Sun, S De, et a!. 
High-yield production of graphene by liquid-phase exfoliation of graphite, Nat. 
Nanotechno!. 3 (2008) 563-568. 
[173] CW Nan, Z Shi, Y Lin. A simple model for thermal conductivity of carbon 
nanotube-based composites, Chem. Phys. Lett. 375 (2003) 666-669. 
[174] T Kashiwagi, E Grulke, J Hilding, K Groth, R Harris, K Butler, et al. 
Thermal and flanunability properties of polypropylene/carbon nanotube 
nanocomposites, Polymer. 45 (2004) 4227-4239. 
[175] YS Song, JR Youn. Influence of dispersion states of carbon nanotubes on 
physical properties of epoxy nanocomposites, Carbon. 43 (2005) 1378-1385. 
[176] MJ Biercuk, MC Llaguno, M Radosavljevic, JK Hyun, AT Johnson, JE 
Fisher. Carbon nanotube composites for thermal management, App!. Phys. Lett. 80 
(2002) 2767-2769. 
[177] D Cai, M Song. Water-based polyurethane filled with multi-walled carbon 
nanotubes prepared by a colloidal physics method, Macromo!. Chem. Phys. 208 
(2007) 1183-1189. 
[178] L Jiang, L Gao, J Sun. Production of aqueous colloidal dispersions of carbon 
nanotubes,1. Colloid. Interface Sci. 260 (2003) 89-94. 
[179] R Haggenmueller, JE Fischer, KI Winey. Single wall carbon 
nanotube/polyethylene nanocomposites: nucleating and templating polyethylene 
crystallites, Macromolecules. 39 (2006) 2964-2971. 
[180] H Vehara, K Kato, M Kakiage, T Yamanobe, T Komoto. Single-walled 
carbon nanotube nucleated solution-crystallization of polyethylene, J. Phys. Chem. 
C. 111 (2007) 18950-18957. 
186 
References 
[181] CY Li, L Li, W Cai, SL Kodjie, KK Tenneti. Nanohybrid shish-kebabs: 
periodically functionalized carbon nanotubes Adv. Mater. 17 (2005) 1198-1202. 
[182] L Li, CY Li, C Ni. Polymer crystallization-driven, periodic patteming on 
carbon nanotubes, J. Am. Chem. Soc. 128 (2006) 1692-1699. 
[183] BP Grady, F Pompeo, RL Sharnbaugh, DE Resasco. Nucleation of 
polypropylene crystallization by single-walled carbon nanotubes, J. Phys. Chem. B. 
106 (2002) 5852-5858. 
[184] KP Ryan, SM Lipson, A Drury, M Cadek, M Ruether, SM O'Flaherty, et al. 
Carbon-nanotube nucleated crystallinity in a conjugated polymer based composite, 
Chem. Phys. Lett. 391 (2004) 329-333. 
[185] M Avrarni. Granulation, phase change, and microstructure kinetics of phase 
change. III, J. Chem. Phys. 9 (1941) 177-184. 
[186] M Avrarni. Kinetics of phase change I, J. Chem. Phys. 7 (1939) 1103-1112. 
[187] IN Coleman, MS Ferreia. Geometric constraints in the growth of 
nanotube-templated polymer mono1ayers, Appl. Phys. Lett. 84 (2004) 798-800. 
[188] A Wall, IN Coleman, MS Ferreira. Physical mechanism for the mechanical 
reinforcement in nanotube-polymer composite materials, Phys. Rev. B. 71 (2005) 
124521. 
[189] JC Charlier, PC Ek1und, J Zhu, AC Ferrari. Electron and phonon properties 
of graphene: their relationship with carbon nanotubes, Carbon nanotube. 111 
(2008) 673-709. 
[190] GI Titelman, V Gelman, S Bron, RL Khalfin, Y Cohen, H Bianco-Peled. 
Characteristics and microstructure of aqueous colloidal dispersions of graphite 
oxide, Carbon. 43 (2005) 641-649. 
[191] S Stankovich, RD Piner, ST Nguyen, RS Ruoff. Synthesis and exfoliation of 
isocyanate-treated graphene oxide nanoplatelets, Carbon. 44 (2006) 3342-3347. 
[192] S Stankovich, DA Dikin, GHB Dommett, KM Kohlhaas, EJ Zirnney, EA 
Stach, et al. Graphene-based composite materials, Nature. 442 (2006) 282-286. 
187 
References 
[193] MJ McAllister, JL Li, DH Adamson, HC Schniepp, AA Abdala, J Liu, et al. 
Single sheet functionalized graphene by oxidation and thermal expansion of 
graphite, Chem. Mater. 19 (2007) 4396-4404. 
[194] D Cai, M Song. Preparation of fully exfoliated graphite oxide nanoplatelets 
in organic solvents, J. Mater. Chem. 17 (2007) 3678-3680. 
[195] S Duquesne, ML Bras, S Bourbigot, R Delobel, H Vezin, 0 Camino, et al. 
Expandable graphite: A fire retardant additive for polyurethane coating, Fire Mater. 
27 (2003) 103-149. 
[196] F Kang, T- Zhang, Y Leng. Electrochemical behavior of graphite In 
electrolyte ofsulfuric and acetic acid, Carbon. 35 (1997) 1167-1173. 
[197] FM UhI, Q Yao, H Nakajima, E Manias, CA Wilkie. Expandable 
graphite/polyamide-6 nanocomposites, Polym. Degrad. Stab. 89 (2005) 70-84. 
[198] YW Cheung, RS Stein. Critical analysis of the phase behavior of 
polY(E-caprolactone)(PCL)/polycarbonate(PC) blends, Macromolecules. 27 (1994) 
2512-2519. 
[199] JT Koberstein, AF Oalambos, LM Leung. Compression-molded 
polyurethane block copolymers. 1. Microdomain morphology and 
thermomechanical properties, Macromolecules. 25 (1992) 6195-6204. 
[200] RW Seymour, OM Estes, SL Cooper. Infrared studies of segmented 
polyurethan elastomers. 1. hydrogen bonding, Macromolecules. 3 (1970) 579-583. 
[201] TK Chen, YI Tien, KH Wei. Synthesis and characterization of novel 
segmented polyurethane/clay nanocomposites, Polymer. 41 (2000) 1345-1353. 
188 
List of publications 
List of publications 
Dongyu Cai, Kamal Yosuh and Mo Song, Mechanical properties and morphology 
of a graphite oxide nanoplatlets/polyurethane composite Nanotechnology, 2009, 
20,085712. 
Dongyu Cai, Mo Song and Chenxi, Xu, Highy conductive 
carbon-nanotube/graphite-oxide hybrid films Advanced Materials, 2008, 20, 
1706-1709. 
Dongyu Cai and Mo Song, Latex technology as a simple route to improve the 
thermal conductivity of a carbon nanotube/polymer composite Carbon, 2008, 46, 
2107-2112. 
Dongyu Cai and Mo Song, Preparation of fully exfoliated graphite oxide 
nanoplatelets in organic solvents Journal of Materials Chemistry, 2007,17, 
3678-3680. 
Dongyu Cai and Mo Song, Water-based olyurethane filled with multi-walled 
carbon nanotubes prepared by a colloidal-physics method Macromolecular 
Chemistry and Physics, 2007, 208, 1183-1189. 
Dongyu Cai, Jie Jin, and Mo Song, Functional polymer powders UK Patent 
application No. 07179377. 
Mo Song, Jie, Jin and Dongyu Cai, Reduction of the mismatch of carbon 
nanotubes with polymer matrix and development of high strength polymer 
nanocomposites Fifteenth Annual International Conference on 
. Composites/Nano Engineering, Haikou, Hainan Island, China, 2007, p 891. 
189 


